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ABSTRACT 
 
PETROGENESIS OF BASALTIC LAVAS IN ICELAND AND THE SPRINGERVILLE 
VOLCANIC FIELD, U.S.A.: THE INFLUENCE OF TECTONIC SETTINGS, DEPTH OF 
MELTING AND VOLATILES 
 
SEPTEMBER 2019 
 
MARISSA MNICH, B.S., CORNELL UNIVERSITY 
 
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST 
 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
 
Directed by: Professor Sheila Seaman 
 
Icelandic basalts were long thought to be low in water (e.g. Gunnarsson et al., 
1998), but more recent studies suggest that hotspots, like the Iceland mantle plume, may 
be a source of hydrous basaltic melts (Nichols et al., 2002).  To explore a possible link 
between location, volatile concentration and resulting petrogenetic implications, samples 
were collected from eleven volcanic centers throughout Iceland. Water concentrations 
were measured in melt inclusions and phenocrysts using Fourier transform infrared 
(FTIR) spectroscopy.  Results for a subset of samples indicate variable water in melt 
inclusions ranging from approximately 50 ppm to over 3000 ppm.  Samples from 
southwestern Iceland along the West Volcanic Zone and Reykjanes Volcanic Belt, on 
average, have water concentrations of up to 4 times as much as samples collected 
elsewhere.  There is evidence for a geographic trend of increasing water concentration 
with distance away from the mantle plume, implying a dry plume. 
The Springerville Volcanic Field (SVF), located in east-central Arizona is an 
intraplate, monogenetic volcanic field.  Our magmatic mapping focuses on delineating 
and characterizing individual magmatic units and placing them into a temporal 
 vii 
framework, providing an organizational model for the study of similar fields. Results 
from the 501 units mapped in the SVF, characterized by 565 geochemical samples offer 
insights into the evolution of SVF magmas.  Of the 12 lithologic classes we defined, 
olivine phyric lavas are most abundant followed by diktytaxitic and olivine-plagioclase 
units. Younger units are smaller in area with more evolved lithologies ranging from 
aphyric to feldspathic basalts.  Eruptions in the SVF progressed from early large-volume 
tholeiitic eruptions that became increasingly alkalic with time.  Tholeiite pressure-
temperature estimates and geochemical data suggest a shallower enriched mantle (EM) 
lithospheric source from higher degrees of partial melting.  Basanites, alkali olivine 
basalts and transitional basalts originate from a deeper,  PREMA-like asthenospheric 
source.  The geochemical signature of the silica-undersaturated basanites is not 
inconsistent with a carbonated source.  The more evolved alkalic rocks are derived at 
shallower, lithospheric pressures but show isotopic and trace element similarities to the 
deeper, asthenospheric sourced magmas suggesting possible mixing between deeper, 
basanitic magmas and tholeiitic magmas in the lithosphere.   
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CHAPTER 1 
INTRODUCTION 
1.1 Introduction 
 
Basaltic volcanism is incredibly common in a variety of tectonic settings 
including, mid-ocean ridge, hotspots.  This study looks at the petrogenesis of basaltic 
magmas in two distinct tectonic settings, the continental intraplate Springerville Volcanic 
Field (SVF) in east-central Arizona, U.S.A., as well as the unique Icelandic magmatic 
system.   
Iceland’s geology is marked by extensive volcanism, a consequence of its unique 
location on the Mid-Atlantic Ridge spreading center and over mantle hotspot currently 
centered under southeast Iceland.  As the only subaerial segment of the Mid-Atlantic 
Ridge, Iceland brings an opportunity to easily study mid-ocean ridge basalts. The fact 
that there is also mantle plume volcanism on the island, makes this is an opportune 
location to study the distinction between mid-ocean ridge basalts (MORB) and plume 
related basalts.   
 The SVF is a Pliocene to Holocene-aged, monogenetic volcanic field along the 
margin of the Colorado Plateau.  Monogenetic volcanism, largely resulting in the 
formation of cinder cones and associated lavas flows, is ubiquitous, both on Earth and on 
extraterrestrial bodies. Intraplate, monogenetic volcanism, characterized by vents that 
have single eruptive episodes, represents one of the most common volcanic landforms, 
yet are relatively poorly understood. The long recurrence intervals between eruptions, 
generally significantly longer than human lifespans, and shifting of the locus of eruption 
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through time, rather than at a stable vent, leaves this style of eruption relatively poorly 
understood. Although the extent of the impacted region from a monogenetic eruption is 
generally much more localized than from a polygenetic volcano, there is much 
uncertainty in the location of next eruption as well as the timing since active monitoring 
of volcanic fields does not occur.  The SVF has been mapped in detail using a 
comprehensive mapping style, termed “magmatic” mapping by Condit (2007).  Mapping 
was completed in 2011, resulting in a completely mapped field, including stratigraphic 
data, age, as well as geochemical data for 565 samples.  This allows the assessment 
petrogenetic trends as well as recurrence rates based on the geographic and temporal 
cluster analysis of volcanic events.   
 
1.2 Intent of the Study 
 
The first chapter focuses on volatile evolution in the Icelandic system.  Volatile 
species within a magma, especially water and carbon dioxide, play a fundamental role in 
how and why volcanoes erupt.  Understanding the pre-eruptive volatile concentrations is 
crucial to assessing the petrogenetic and eruptive development of magmas.  Samples 
were collected from a variety of volcanic centers in Iceland in order to assess the volatile 
evolution and spatial trends across the Iceland.  It has been suggested that water in 
Iceland varies with distance to the mantle plume, suggesting varying degrees of hydration 
in mid-ocean ridge basalts (MORBs )as opposed to mantle plume derived magmas. 
Fourier transform infrared (FTIR) spectroscopy analysis of primary magma in melt 
inclusions, as well as crystalline host minerals, allows magma water content to be 
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quantitatively determined and compared across the suite of samples.  This chapter 
discusses the results from these analyses and the spatial trends observed in the samples.  
Within the SVF, the style of “magmatic” mapping is a way to standardize the 
detailed mapping of basaltic lava flows.  Chapter 2 of the dissertation aims to lay out the 
methodology of these mapping techniques.  Flows are distinguished on the basis of 
lithology, groundmass and flow morphology and when possible, linked to a 
corresponding vent.  Field determinations of stratigraphy are important for determining 
relative age of flows which are then constrained in time by radiometric age dates as well 
as paleomagnetic data.  Magmatic mapping represents a systematic, organized process of 
breaking apart these distinct volcanic units and defining them based on age, geographic 
location and lithology. This chapter also presents the completed dataset for the SVF.  
This represents a unique resource that can serve as a template for comparing similar 
volcanic occurrences and is arguably an end-member representing this style of detailed 
“magmatic” mapping.  It also results in an initial assessment of volcanic hazards within 
the field and was published in the Journal of Volcanology and Geothermal Research 
(Mnich and Condit, 2018). 
The following chapter takes the magmatic mapping results and applies them to 
understanding the petrogenesis of the SVF.  There are distinct trends in terms of 
geochemical variation, vent location and depth of magma generation observed in the 
field.  These trends relate to age and the source region, as well as the interplay between 
different mantle source reservoirs.  These petrogenetic trends aim to better understand the 
complete lifespan of a continental monogenetic volcanic field. 
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CHAPTER 2 
VOLATILES IN ICELANDIC BASALTS   
 
2.1 Introduction 
 
Iceland is a unique, volcanically active island, located on the mid-Atlantic 
Ridge, at the junction with the Greenland-Iceland-Faeroe Ridge.  In addition to being 
the only subaerial extension of the Mid-Atlantic Ridge, it is also situated over a 
mantle plume located in the southeastern portion of the country under the 
Vatnajokull glacier.  The island contains nearly all volcano types and eruption styles 
from expansive fissure-fed basalt fields to shield volcanoes to explosive 
stratovolcanoes, creating a dominantly basaltic landscape with more silicic rocks 
comprising ~5-15% of the aerial extent of volcanic rocks (Thorarinsson and 
Saemundsson, 1979; Thorarinsson, 1981).  The oldest known rocks exposed are 14-
16 Ma (e.g. Moorbath et al., 1968; McDougall et al., 1984; Watkins and Walker, 
1977), though it is believed that volcanism began around 24 Ma (e.g. Sæmundsson, 
1978 and 1979; Jóhannesson 1980; Kristjánsson, 1982; Óskorsson et al., 1985).  
 One of the most fundamental factors affecting how magmas are generated 
and eruptions occur lies in the effects of volatile species, including water, carbon 
dioxide, sulfur species and halogens on magma structure. Water is the most 
abundant of these volatiles and the water included in the original magma (as 
opposed to that added later, for example, from interaction with groundwater or 
glacial ice) plays a key role in controlling the magma’s behavior, making it 
imperative to determine the amount of water in a range of magmas. In addition to 
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affecting magma properties, because Icelandic basalts are erupted in such a unique 
setting, with the possibility of rift and plume contributions, the types of volatiles 
preserved may provide information about the petrogenesis of basalt in this setting. 
Fourier Transform Infrared (FTIR) spectroscopy can be used to measure volatiles, 
namely water, preserved in melt inclusions trapped within phenocrysts or matrix 
glass, as well as on the mineral phases. This technique has only been used minimally 
in Iceland and the database needs to be expanded before conclusions can be drawn 
about water concentrations and how they relate to the properties and origin of 
Icelandic magmas.  
The intent of this study is to assess eleven volcanic centers throughout 
Iceland to better explore a possible link between location, age and composition with 
water concentration.  These volcanic areas range from effusive style lava flows and 
fissure eruptions to those much more explosive in nature.  Each sample is 
characterized geochemically, from whole rock to the mineral scale using electron 
probe microanalysis and laser ablation inductively coupled mass spectrometry (LA-
ICP-MS), which can be compared to the FTIR data from melt inclusions and related 
back to the nature of magma generation in terms of volatile content. 
 
2.1.1 Geologic Context  
 
 Volcanism in Iceland is expressed as neovolcanic zones, or belts of volcanic 
activity.  The prominent axial volcanic zone is the surface expression of the plate 
boundary that extends from the southwestern extent on the Reykjanes Volcanic Belt 
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(RVB) to the West Volcanic Zone (WVZ) through the North Volcanic Zone (NVZ) in 
the north (Figure 1.1).  Volcanoes along this zone typically produce tholeiitic basalts.  
The East Volcanic Zone has contributed most substantially to the volcanic activity, 
largely dominated by large volumetric eruptions from Katla, Grímsvötn, Hekla and 
Bárdarbunga, and will eventually take over as the dominant axial rift.  This zone is 
characterized by tholeiitic magmatism to the northeast that becomes mildly alkalic 
to the southwest.  To the east is the intraplate Öræfi Volcanic Belt (ÖVB), which may 
be an embryonic rift.  Another intraplate zone, the Snæfellsnes Volcanic Zone (SVB) 
lies to the west and was reactivated 2 Ma (Thordarson and Larson, 2007). 
 Iceland’s volcanic products were generally believed to be derived from 
water-poor magmas due to the lack of hydrous minerals, such as amphibole, present 
in Icelandic rocks (Gunnarsson et al., 1998; Jónasson, 2007).  Several studies 
involving water concentrations of hotspot mantle plumes have proposed that 
hotspots may contain significant water.  Early work on this relationship correlated 
higher water content in volcanic glasses from the Azores to increased volcanic 
activity on that segment of the Mid-Atlantic Ridge, as water lowers the melting point 
of the mantle (Schilling et al., 1980).  This idea has been tested in other hotspot 
locations, such as Hawaii, where the water concentration was found to be 
approximately three times greater than in a typical mid-ocean ridge basalt (Wallace, 
1998). 
 One early study of water in glasses in Iceland (Schilling et al., 1980) 
documented water concentrations increasing from 165 ppm at the southern part of 
the Reykjanes Ridge off the southwest coast of Iceland up to 620-920 ppm under 
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Iceland itself.  Nichols et al., (2002) documented water concentrations in basaltic 
glasses from the submarine Reykjanes Ridge off the southwest coast, as well as in 
deposits from Iceland itself, however, the abundance of water in the sample 
environments makes it difficult to assess what proportion of the water was original, 
pre-eruptive mantle water.  Water in melt inclusions has been studied in silicic 
deposits from Hekla, Torfajökull, Askja and Öræfajökull volcanoes, as well as 
basaltic samples from Eyjafjallajökull (Moune et al., 2007; Portnyagin et al., 2012; 
Owen et al., 2013; Schattel et al., 2014 and Moune et al., 2012, respectively).  Many 
of these studies indicate that pre-eruptive water contents are higher than previously 
believed. 
2.2 Methods 
 
 In the summer of 2015, 41 samples were collected from various regions 
around Iceland, sampling a range of volcanic settings.  Samples varied in phenocryst 
abundance ranging from nearly aphyric to abundant olivine, plagioclase and/or 
clinopyroxene for the basalts. Volcanic areas sampled include the intraplate 
Snæfellsnes peninsula (ICE15-1 through ICE15-5), Eiríksjökull (the Halmundahraun 
flow-samples ICE15-6 through ICE15-8), Skjaldbreiður (ICE 15-10 to ICE15-12), 
Krafla (ICE15-12 to ICE15-26), Laki (ICE15-41), Eldgjá (ICE15-28 to ICE15-30), 
Torfajökull (ICE15-31 to ICE15-34), Hengill (ICE15-36/37) and young flows near 
the town of Þorlákshöfn (ICE15-38 to ICE15-40) in the southwest (See Figure 1.1 for 
sample locations). 
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Figure 2. 1: Map showing the locations of the 41 samples (shown as stars) 
collected-note that full sample names are preceded by “ICE15-”.  Volcanic 
zones are shaded gray and include the rift related Reykjanes Volcanic Belt 
(RVB), the West Volcanic Zone (WVZ), the Mid-Iceland Belt (MIB), the North 
Volcanic Zone (NVZ) and the East Volcanic Zone (EVZ), as well as, the 
intraplate Snæfellsnes Volcanic Belt (SVB) and Öræfi Volcanic Belt (ÖVB-
represented by a line).  The approximate location of the presumed mantle 
plume is shown by the dashed line while the approximate center of the 
plume is indicated with a black dot. 
 
 
Samples were analyzed for whole rock major element geochemistry using X-
ray fluorescence (XRF) analysis and for trace element chemistry by inductively 
coupled plasma mass spectrometry (ICP-MS) at Acme Labs (See Table 2.1 for 
geochemical data).  Mineral chemistry was determined using electron probe 
microanalysis at the University of Massachusetts Amherst and laser ablation 
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inductively coupled mass spectrometry (LA-ICP-MS) at the University of New 
Hampshire. For each sample, a doubly polished thin section was used for 
petrographic analysis and a doubly polished, 100 micron thick section was used for 
FTIR spectroscopy.  The thick FTIR sections are soaked in acetone to remove them 
from the glass sides prior to measurement. 
2.2.1 FTIR 
 
 FTIR work was carried out on samples that contain melt inclusions or fresh 
matrix glass using the Bruker Vertex 70 spectrometer with a Hyperion 3000 
microscope, located in the Department of Geosciences at the University of 
Massachusetts Amherst.  This instrument has a KBr beamsplitter and an MCT-B 
detector in the microscope.  Single spectra were collected for measurement using 
128 scans for both the background and the sample. A polynomial flexicurve baseline 
correction was applied to each resulting spectrum before calculating areas under 
peaks.  OH stretching bands are observed as a peak between 3700 and 2800 cm-1 
(Stolper, 1982).  For basaltic melt inclusions, carbon dioxide is present as carbonate 
and can be measured at approximately 1548 and 1420 cm-1.  Spectra are collected 
and processed using the program Opus. 
 In accordance to the Beer-Lambert Law, the amount of water in a glass can 
be calculated using the following equation (Stolper et al., 1982). 
 
    c  = (A * 18.02 / (t  * D  * I) )*100                   
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where c is the concentration (wt%), A is the height of the absorption peak (cm-1), t is 
the thickness of the section (cm), D is sample density (g/L) and I is the linear molar 
absorption coefficient (L/mol cm). 
     For minerals, a slightly modified form of the Beer-Lambert Law is used 
(Libowitzky and Rossman, 1997): 
 
    c  = A * 1.8/ (t  * D  * I)   
 
where A is area integrated under the absorption peak (cm-1), 1.8 is a factor 
necessary to express hydrogen concentrations as their equivalent water 
concentrations, t is the thickness of the section (cm), D is sample density (g/cm3), 
and I is the integrated molar absorption coefficient in cm-2/mol H2O L-1.    
 The sample density was calculated in the spreadsheet “How to Estimate Melt 
Density” (Connor, available on the Science Education Resource Center at Carleton 
College (SERC) website: 
https://serc.carleton.edu/sp/ssac/volcanology/examples/magma_density.html) 
using major element chemistry of the samples, partial molar volume, thermal 
volume and compressibility coefficients to first calculate the fractional density of 
each oxide before summing to get the total.  Molar absorption coefficients for 
volcanic glasses are known to be dependent on the ratio of Si+Al to total cations and 
were calculated based on the relationship: 
  
I=54.2*((Si+Al)/total cations)+28.7 
 
Based on data of Mandeville et al. (2002) and Ihinger et al. (1994) (see Table 2.1).  
For mineral phases, the following was used in calculations: For olivine, density=3.32 
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g/cm3, molar absorption coefficient=34515 cm-2/mol H2O L-1 (Aubaud et al., 2009); 
for clinopyroxene, density=3.4 g/cm3, molar absorption coefficient=38300 cm-2/mol 
H2O L-1 (Bell et al., 1995); and for plagioclase, density=2.69 g/cm3, molar absorption 
coefficient=107000 cm-2/mol H2O L-1 (Johnson and Rossman, 2003).  The thickness 
of the sample was measured using digital calipers.  Inclusions were chosen that 
appear to span a substantial portion of the thickness of the section because 
transmitted absorbance is used and the incorporation of crystalline material should 
be avoided.    
The nominally anhydrous host minerals were also measured for the presence 
of water.  These minerals are known to be able to incorporate small amounts of 
water into their structures that can be detected spectroscopically (e.g. Kats, 1962; 
Dodd and Fraser, 1967; Aines and Rossman, 1984; Koga et al., 2003; Johnson and 
Rossman, 2004; Seaman et al., 2006; Della Ventura et al., 2008).  Spectra were 
collected on inclusion hosting minerals whenever possible, as well as on additional 
phenocrysts.  Measurement sites were selected in order to avoid areas of fractures 
that may contain excess water. 
From measuring water concentrations in these minerals, it is possible to 
calculate the partition coefficient of water between the minerals and the melt from 
which it grew, provided that the mineral hosts a melt inclusion or that the mineral is 
surrounded by glass.  Understanding the partitioning of OH phases between melt 
and mineral is essential for developing melting models.  There have been limited 
direct experimental measurements of partition coefficients (e.g. Johnson, 2006).  
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The partition coefficient for water between the melt and mineral phase (DH2O) can 
be calculated by the following: 
 
DH2O=Cmineral/Cmelt 
 
where Cmineral is the concentration of water measured in a phenocryst and Cmelt is 
water concentration measured in the melt inclusion.  Ideally for a mineral, 
measurements would be made on three orthogonal sections and added together in 
order to account for water in all crystallographic orientations (Libowitzky and 
Rossman, 1996).  Since these minerals are measured in situ, this total must be 
approximated.  With a random sampling, the maximum and minimum amounts, or 
very close to them, are likely measured.  Taking an average of all the measured 
values for a given sample and then multiplying that by three gives an approximate 
estimate of the total water within the phenocryst.  This is similar to the 
methodology of Dyar et al. (2011) where two mutually perpendicular orientations 
were measured, then multiplied by 3/2, essentially using the average of the two 
orientations to estimate the total in three orientations. 
2.2.2 LA-ICP-MS 
 
Samples with visible melt inclusions that have been measured on the FTIR 
had detailed trace and rare Earth element (REE) analyses done on phenocryst and 
matrix glasses using the Nu AttoM laser-ablation inductively coupled mass 
spectrometrometer (LA-ICP-MS) at the University of New Hampshire.  
Measurements were made on doubly polished thin sections using a 50 micron spot 
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size and a rep rate of 8.  Phenocryst spots were selected in optically clear crystals of 
olivine, clinopyroxene and plagioclase.  Measurements were processed using the 
program Igor Pro.   
2.2.3 Electron Microprobe Analysis 
 
 Electron microprobe analyses were conducted on the Cameca SX-50 at the 
University of Massachusetts Amherst using a 20nA current.  Analysis was done on 
the phenocrysts that had been analyzed using LA-ICP-MS to obtain major and trace 
element data for the same set of phenocrysts.  Results from these analyses are 
shown in Appendix B. 
2.2.4 Thermobarometry 
 
 Pressures and temperatures of magma generation were calculated using the 
silica-based thermobarometer of Lee and others (2009).  This major element 
thermobarometer is useful because silica is buffered by the mineral assemblage of 
the system at a specific temperature and pressure. This method relies on first 
calculating a primary magma composition by adding back olivine until the 
composition reaches a presumed primary Mg# of 0.9.  Because this method relies on 
having only olivine as a fractionating phase, only samples with MgO greater than 8 
wt% in the whole rock were used for pressure and temperature determination. 
2.3 Results 
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 The majority of samples (33 of the 41) are basalts, one is basaltic-andesite, 
one trachyandesite, 3 trachydacite and the remaining three samples are rhyolites 
(see Figure 2.2).  All basalt samples are subalkaline.  Only basalts and basaltic 
andesites with visible melt inclusions or matrix glass are used in the remainder of 
this study to exclude the effects of significant magma evolution. 
 
 
Figure 2.2: Total-alkali silica (TAS) diagram from the 41 samples collected 
across Iceland based on Le Maitre et al. (1989).  
 
Major element geochemistry and calculated values of density and molar absorption 
coefficient are shown in Table 2.1. 
 
Table 2.1: Major element geochemistry (in weight percent) for each oxide, as 
well as, the calculated density (g/L) and molar absorption coefficient (L/mol 
cm) for each sample. 
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 Water concentrations in melt inclusions are compared to data from other 
samples for the same mineral host; either olivine, clinopyroxene or plagioclase (See 
Appendix A for complete dataset).  As these mineral phases have different 
crystallization conditions, it is more appropriate to compare similarly hosted  
inclusions directly.  It is also important to note that the number of inclusions 
measured varies per sample and phenocryst host type, ranging from only one 
measurement for a particular phenocryst host in a given sample up to 33 
measurements and is based on the availability of melt inclusions present in the 
sample that are large enough to measure.  The figures below (2.3a, 2.3b and 2.3c) 
show the comparison of water concentration between samples for melt inclusions 
with a given phenocryst host.  Note that the trachydacite and rhyolite samples 
(ICE15-9, ICE15-21, ICE15-32, ICE15-34) are not included, nor the samples without 
melt inclusions (often aphyric) or those that have visibly been altered (ICE15-5 and 
Sample
Calculated 
Density (g/L)
Calculated molar 
absorption coefficient 
(L/mol cm)
SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O MnO TiO2 P2O5 Cr2O3 Ba LOI
ICE15-1 2759.30 70.94 62.33 15.84 7.21 3.03 0.87 5.53 3.40 0.23 0.80 0.22 <0.01 0.13 -0.09
ICE15-2 2772.36 73.62 62.34 15.93 7.44 3.06 0.89 5.49 3.39 0.23 0.79 0.22 <0.01 0.13 -0.20
ICE15-3 3005.72 68.34 55.45 15.87 10.56 5.39 2.38 4.89 2.44 0.26 1.76 0.73 <0.01 0.11 -0.22
ICE15-4 3794.06 61.64 45.62 13.67 12.91 11.22 11.03 2.12 0.70 0.20 2.46 0.40 0.09 0.03 -0.53
ICE15-5 3415.23 64.62 46.94 12.54 16.42 9.24 5.37 2.20 0.74 0.25 3.40 0.52 <0.01 0.02 2.48
ICE15-6 3415.23 64.15 47.96 16.05 11.27 11.82 9.33 1.98 0.11 0.18 1.02 0.10 0.02 <0.01 -0.68
ICE15-7 3603.87 64.34 48.58 15.34 12.17 12.02 8.50 1.95 0.12 0.19 1.17 0.11 0.02 <0.01 -0.37
ICE15-8 3620.71 64.19 48.17 15.99 11.36 11.84 9.30 1.95 0.11 0.17 1.05 0.10 0.02 <0.01 -0.55
ICE15-9 2520.66 74.96 73.86 12.38 3.09 0.50 0.08 4.63 3.33 0.08 0.22 0.02 <0.01 0.09 0.90
ICE15-10 3647.48 63.93 47.60 15.58 12.70 12.00 8.82 1.94 0.11 0.19 1.45 0.15 0.06 <0.01 -0.63
ICE15-11 3699.45 63.31 46.99 15.02 12.80 11.65 9.92 1.84 0.09 0.19 1.49 0.12 0.07 <0.01 -0.68
ICE15-12 3737.86 63.12 46.87 15.16 12.84 11.54 10.47 1.81 0.08 0.19 1.44 0.11 0.07 <0.01 -0.62
ICE15-13 3508.98 64.99 49.23 13.26 16.44 10.00 6.05 2.33 0.32 0.24 2.02 0.21 0.02 0.01 -0.88
ICE15-14 3638.25 63.91 47.91 15.22 11.69 12.25 9.39 1.70 0.09 0.19 1.06 0.08 0.06 <0.01 -0.07
ICE15-15 3857.25 62.11 48.06 13.59 10.89 12.56 12.73 1.49 0.05 0.17 0.74 0.05 0.17 <0.01 -0.58
ICE15-16 3447.04 65.57 50.05 12.99 16.93 9.30 5.19 2.54 0.41 0.25 2.11 0.20 <0.01 0.01 -0.70
ICE15-17 3483.87 65.17 49.14 13.40 16.14 10.15 5.92 2.22 0.31 0.24 1.92 0.18 0.01 0.01 -0.18
ICE15-18 3476.81 65.53 50.43 13.32 16.43 9.64 5.45 2.51 0.41 0.25 2.02 0.19 <0.01 <0.01 -0.85
ICE15-20 3405.75 65.69 49.46 13.10 16.62 9.05 5.23 2.43 0.41 0.25 2.11 0.21 <0.01 <0.01 0.48
ICE15-21 2562.29 75.35 74.75 11.97 3.54 1.25 0.04 4.13 2.77 0.05 0.23 0.02 <0.01 0.06 0.40
ICE15-24 3528.39 65.06 49.60 13.45 16.50 10.07 6.04 2.33 0.33 0.25 2.02 0.21 0.02 <0.01 -1.13
ICE15-25 3510.71 65.06 49.39 13.34 16.38 10.05 6.02 2.30 0.33 0.24 2.01 0.21 0.02 0.01 -0.95
ICE15-26 3514.58 65.09 49.48 13.37 16.44 10.05 5.99 2.32 0.32 0.24 2.02 0.20 0.02 <0.01 -1.09
ICE15-27 3213.06 66.93 51.88 13.44 14.46 7.14 3.37 3.54 0.92 0.31 2.99 0.93 <0.01 0.03 0.68
ICE15-28 3529.58 64.86 49.04 15.02 12.82 11.97 6.75 2.24 0.18 0.20 1.78 0.15 0.02 <0.01 -0.59
ICE15-29 3589.66 63.36 46.26 12.85 17.23 10.44 5.58 2.72 0.62 0.22 4.32 0.43 <0.01 0.02 -1.00
ICE15-30 3502.38 65.05 48.54 16.04 11.36 12.85 6.99 1.94 0.13 0.18 1.28 0.11 0.04 <0.01 0.21
ICE15-31 3353.25 66.43 53.55 14.08 11.89 9.32 5.46 3.00 1.07 0.19 1.46 0.15 <0.01 0.02 -0.50
ICE15-32 2547.30 74.60 74.62 10.55 4.26 0.15 0.04 4.25 4.34 0.04 0.34 <0.01 <0.01 0.02 0.94
ICE15-33 2357.79 73.40 64.66 12.95 3.27 0.78 0.22 4.83 3.97 0.08 0.25 0.03 <0.01 0.06 8.24
ICE15-34 2617.00 72.59 68.09 14.81 4.43 1.40 0.37 5.62 4.10 0.11 0.37 0.06 <0.01 0.06 0.13
ICE15-35 3484.01 65.17 50.12 15.04 12.00 11.53 6.68 2.43 0.48 0.19 1.42 0.15 0.01 <0.01 -0.46
ICE15-36 3540.54 63.91 46.94 13.91 12.98 11.40 8.27 1.86 0.12 0.20 1.66 0.19 0.05 <0.01 2.29
ICE15-37 3115.60 67.53 48.11 14.52 12.29 7.65 5.23 1.66 0.39 0.19 2.47 0.26 0.03 0.01 6.71
ICE15-38 3627.79 64.88 46.95 14.47 13.39 11.18 8.86 2.07 0.22 0.20 1.86 0.18 0.05 <0.01 0.32
ICE15-39 3617.36 63.84 47.26 15.23 12.04 12.42 8.84 1.80 0.10 0.19 1.32 0.10 0.05 <0.01 0.15
ICE15-40 3613.71 64.09 48.02 14.76 13.81 11.61 7.70 2.21 0.19 0.21 1.97 0.18 0.04 <0.01 -0.79
ICE15-41 3524.77 64.84 49.80 13.43 15.22 10.21 5.77 2.72 0.42 0.23 2.90 0.30 <0.01 <0.01 -0.86
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ICE15-33).  Not all samples contain all phenocryst phases or have measurable melt 
inclusions in a given phase so they are not included on all diagrams. 
 
 
 
Figure 2.3A: Water concentration measured in melt inclusions hosted in olivine. 
The bottom of the boxes signifies the first quartile while the top is the third 
quartile.  The bold line represents the median value for each sample and the 
blue circle represents the mean.  Whiskers indicate minimum and maximum 
values (other than outliers which are plotted as open circles).  The number 
of measurements (n) is denoted above the box for each sample. 
 
 
 
 
 
 
 
 
 
 
Sample 
Olivine-hosted 
Melt Inclusion 
Average 
ICE15-4 391.54 
ICE15-10 898.97 
ICE15-12 844.43 
ICE15-13 478.47 
ICE15-15 451.01 
ICE15-31 661.32 
ICE15-38 770.75 
ICE15-39 672.37 
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Figure 2.3B: Water concentration measured in melt inclusions hosted in 
clinopyroxene. The bottom of the boxes signifies the first quartile while the 
top is the third quartile.  The bold line represents the median value for each 
sample and the blue circle represents the mean.  Whiskers indicate 
minimum and maximum values (other than outliers which are plotted as 
open circles).  The number of measurements (n) is denoted above the box 
for each sample. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sample 
Clinopyroxene-
hosted Melt 
Inclusion 
Average 
ICE15-1 412.91 
ICE15-4 865.65 
ICE15-10 1776.72 
ICE15-12 1122.27 
ICE15-24 461.45 
ICE15-25 700.28 
ICE15-31 391.65 
ICE15-39 1643.89 
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Figure 2.3C: Water concentration measured in melt inclusions hosted in 
plagioclase. The bottom of the boxes signifies the first quartile while the top 
is the third quartile.  The bold line represents the median value for each 
sample and the blue circle represents the mean.  Whiskers indicate 
minimum and maximum values (other than outliers which are plotted as 
open circles).  The number of measurements (n) is denoted above the box 
for each sample. 
 
 The FTIR spectrometer is equipped with a focal plane array detector capable 
of producing maps of water concentration.  The focal plane array detector consists 
of a 6464 array of MCT detectors that simultaneously collect spectra as the detector 
moves across a grid chosen by the user.  Each pixel of the resulting map represents a 
2.8x2.8-micrron area of the sample.  Quantitative information can be extracted from 
any pixel in a map.  These maps can be integrated to give a height under the water 
peak of the spectrum at a given pixel location.  The peak heights are directly 
proportional to concentration and can be used as a visual representation of relative 
differences.  Exact peak heights can be extracted for areas of interest to calculate 
Sample 
Plagioclase-
hosted Melt 
Inclusion 
Average 
ICE15-4 513.93 
ICE15-10 663.99 
ICE15-12 1187.34 
ICE15-13 289.72 
ICE15-24 513.77 
ICE15-25 629.39 
ICE15-28 146.05 
ICE15-29 652.74 
ICE15-31 428.57 
ICE15-35 494.79 
ICE15-41 474.34 
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quantitative water amounts.  Maps have been made of several melt inclusions in the 
context of their surrounding phenocryst hosts (see Figure 2.4A and 2.4B for two 
examples). 
 
 
 
      
 
 
Figure 2.4A: Map of a melt inclusion in an olivine phenocryst from sample 
ICE15-38. The top shows a transmitted light image of the location of the 
map; note the melt inclusions (darker areas) in each phenocryst (lighter 
areas).  The bottom pane shows the map of height under the water peak 
(proportional to water concentration).  The melt inclusions stand out as 
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areas of visibly higher water concentration within the phenocryst host.  Note 
that the color scale for height of the water peak are not the same for Figure 
2.4A and 2.4B. 
 
 
 
 
 
Figure 2.4B: Map of a melt inclusion in a clinopyroxene phenocryst from sample 
ICE15-39. The top shows a transmitted light image of the location of the 
map; note the melt inclusions (darker areas) in each phenocryst (lighter 
areas).  The bottom pane shows the map of height under the water peak 
(proportional to water concentration).  The melt inclusions stand out as 
areas of visibly higher water concentration within the phenocryst host.  Note 
that the color scale for height of the water peak are not the same for Figure 
2.4A and 2.4B. 
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 Nichols et al. (2002) suggest a highly variable water component under 
Iceland ranging from 0.1-1.2 wt%, with a lack of obvious spatial trends.  To assess a 
spatial effect with the new water data from this study, distance to the plume center 
(approximated at 17.5W, 64.5N, see Figure 2.1) was measured for each sample 
location using Google Earth.  Results were plotted below (Figure 2.5, see Table 2.2 
for complete list) for all samples with water data, except for those on the intraplate 
Snæfellsnes Volcanic Belt (samples ICE15-1 and ICE15-4) since the primary goal is 
to assess plume related water versus rift-related water.  Both the maximum water 
and average water concentration measured for each sample are plotted.  The 
maximum water concentration was used in hopes of excluding data with a 
crystalline contribution, which could be a factor if the inclusion isn’t the full 
thickness of the section, thus lowering the apparent water concentration, though 
using the average measurement for each sample produces the same observable 
trend of increasing water concentration with increasing distance away from the 
plume.  Sample ICE15-13 is excluded from this because FTIR measurements were 
made only on matrix glass.  Since water is incompatible in the nominally anhydrous 
phenocrysts that crystallize from basaltic magmas, it is expected that matrix glass 
will have higher amounts of water. 
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Table 2.2:Distance (km) of each sample location to the approximate center of 
the mantle plume under Iceland (17.5W, 64.5N). 
 
Sample 
Distance 
from plume 
center (km) 
Sample 
Distance 
from plume 
center (km) 
ICE15-1 300 ICE15-22 140 
ICE15-2 300 ICE15-23 140 
ICE15-3 299.5 ICE15-24 133 
ICE15-4 285 ICE15-25 133.1 
ICE15-5 277 ICE15-26 130.5 
ICE15-6 160.5 ICE15-27 145.2 
ICE15-7 160.4 ICE15-28 86 
ICE15-8 160 ICE15-29 84.5 
ICE15-9 161 ICE15-30 84.4 
ICE15-10 172 ICE15-31 92.5 
ICE15-11 170 ICE15-32 95 
ICE15-12 170 ICE15-33 95.4 
ICE15-13 135.5 ICE15-34 94.5 
ICE15-14 142.5 ICE15-35 90 
ICE15-15 148 ICE15-36 194 
ICE15-16 139 ICE15-37 194 
ICE15-17 139 ICE15-38 200.5 
ICE15-18 139.5 ICE15-39 216.5 
ICE15-19 147 ICE15-40 205 
ICE15-20 138 ICE15-41 102 
ICE15-21 140   
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Figure 2.5: Plot showing the maximum melt inclusion water concentration 
measured in a particular sample versus the distance of the sample location 
away from the approximate center of the mantle plume.  Note that samples 
from the intraplate Snæfellsnes Volcanic Belt (ICE15-1 and ICE15-4) are 
excluded, as well as sample ICE15-13. 
2.3.1 Water in Nominally Anhydrous Mineral Phases 
  
FTIR measurements made on olivine, clinopyroxene and plagioclase 
phenocrysts indicate that these mineral phases do contain small amounts of water.  
Phenocryst measurements in each sample were averaged and multiplied by 3 in 
order to approximate the total water in three mutually perpendicular 
crystallographic orientations.  Based on these averages, water in olivine ranges from 
13-468 ppm while clinopyroxene contains 141-1395 ppm water and plagioclase has 
11-252 ppm.  Partition coefficients for water between melt and the mineral phases 
of interest have previously been experimentally determined in several studies, 
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though they vary widely.  For example, Aubaud and others (2004) cited a range in 
the partition coefficient for water between olivine and melt from 0.0011-0.0029 
while Hauri and others (2006) suggested from 0.0013-0.0021.  Both of these studies 
were done by a series of melting experiments.  Kurosawa and others (1997) 
measured olivine hosted melt inclusions and their host olivine by secondary ion 
mass spectrometry (SIMS) and determined the partition coefficient to be 0.017.  
Though this coefficient is an order of magnitude larger than those suggested by 
Aubaud et al. (2004) and Hauri et al. (2006), their methodology on natural samples 
is much more similar to this study.  For clinopyroxene, calculated partition 
coefficients also vary between studies from 0.019-0.026 (Aubaud et al., 2004) to 
0.0069-0.034 (Hauri et al., 2006).  Partition coefficients for plagioclase in the 
literature range from 0.004 (Johnson, 2005) to 0.01 +/- 0.005 (Hamada et al., 2013).  
In order to evaluate the full range of potential melt water concentrations calculated 
using the amount of water measured in the phenocryst and the partition coefficient, 
the minimum and maximum partition coefficient values for each mineral were used 
(0.0011 and 0.0029, as well as 0.017, for olivine; 0.0069 and 0.034 for 
clinopyroxene; 0.004 and 0.01 for plagioclase).  Tables 2.3, 2.4 and 2.5 below show 
the results for olivine, clinopyroxene and plagioclase, respectively.  Based on the 
partition coefficient used, the melt water concentrations calculated vary widely.  For 
olivine, the partition coefficient of 0.0011 can be deemed inappropriate for these 
basalts as it leads to calculated melt water concentrations of up to over 40 wt%, 
which is unrealistically high.  Calculations using the 0.0029 coefficient, while lower, 
are still too high with concentrations ranging up to 16 wt% water, which is 
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significantly higher than anything measured directly in the melt inclusions or matrix 
glass.  The partition coefficient of 0.017 of Kurosawa et al. (1997) produces 
theoretical water concentrations for the melt that are much more in line with the 
melt inclusion data, though still higher, ranging up to nearly 2.8 wt%.  
Clinopyroxene calculations using the 0.069 partition coefficient produce melt 
water concentrations over 20 wt%, which is certainly unrealistically high for these 
basalts.  The 0.034 coefficient produces estimates more consistent with melt 
inclusion data, though still somewhat higher, most notably for samples ICE15-10 
(4.1 wt%) and ICE15-39 (2.4 wt%) along the WVZ/RVB.  Similarly, for plagioclase, 
the higher partition coefficient (0.01) produces more consistent results with 
inclusion data, though again, some values are much higher such as ICE15-10 (2.5 
wt%) and ICE15-12 (1.1 wt%); both of which are samples in the WVZ. 
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Table 2.3: The average water concentration of olivine phenocrysts for each 
sample.  These averages were then used to calculate the theoretical melt 
water concentration based on these phenocryst values and three different 
partition coefficients-0.0011 (Hauri et al., 2006), 0.0029 (Hauri et al., 2006) 
and 0.017 (Kurosawa et al., 1997). 
 
Sample 
Average 
Measured 
Olivine 
Phenocryst 
water 
(ppm) 
Melt Water 
(ppm)Using 
Partition 
Coefficient 
0.0011 
Melt Water 
(ppm)Using 
Partition 
Coefficient 
0.0029 
Melt Water 
(ppm)Using 
Partition 
Coefficient 
0.017 
ICE15-5 468.57 425974.98 161576.72 27563.09 
ICE15-10 222.98 202707.24 76888.95 13116.35 
ICE15-12 277.82 252567.82 95801.59 16342.62 
ICE15-13 22.40 20367.12 7725.46 1317.87 
ICE15-15 13.81 12557.04 4763.02 812.51 
ICE15-31 127.64 116032.18 44012.20 7507.96 
ICE15-38 24.80 22541.87 8550.36 1458.59 
 
Table 2.4: The average water concentration of clinopyroxene phenocrysts for 
each sample.  These averages were then used to calculate the theoretical 
melt water concentration based on these phenocryst values and three 
different partition coefficients-0.069 and 0.034 (Hauri et al., 2006). 
  
Sample 
Average 
Measured 
Clinopyroxene 
Phenocryst 
water (ppm) 
Melt Water 
(ppm)Using 
Partition 
Coefficient 
0.069  
Melt Water 
(ppm)Using 
Partition 
Coefficient 
0.034 
ICE15-10 1395.17 202198.79 41034.46 
ICE15-12 141.19 20461.63 4152.51 
ICE15-24 217.54 31527.37 6398.20 
ICE15-25 190.63 27627.56 5606.77 
ICE15-31 145.53 21090.68 4280.17 
ICE15-39 830.05 120297.67 24413.35 
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Table 2.5: The average water concentration of plagioclase phenocrysts for each 
sample.  These averages were then used to calculate the theoretical melt 
water concentration based on these phenocryst values and three different 
partition coefficients-0.004 (Johnson, 2005) and 0.01 (Hamada et al., 2013). 
 
Sample 
Average 
Measured 
Plagioclase 
Phenocryst 
water (ppm) 
Melt Water 
(ppm)Using 
Partition 
Coefficient 
0.004  
Melt Water 
(ppm)Using 
Partition 
Coefficient 
0.01 
ICE15-10 252.04 63009.85 25203.94 
ICE15-12 109.11 27276.92 10910.77 
ICE15-13 19.08 4770.39 1908.16 
ICE15-24 68.88 17219.68 6887.87 
ICE15-25 20.22 5054.27 2021.71 
ICE15-28 11.56 2889.92 1155.97 
ICE15-29 28.00 6999.43 2799.77 
ICE15-31 31.55 7888.59 3155.43 
ICE15-35 49.48 12370.88 4948.35 
ICE15-41 30.53 7633.59 3053.44 
 
 Though the absolute values of these hypothetical water calculations are 
generally higher than the water measured in melt inclusions, the same trends are 
discernable with regard to the distance from the mantle plume.  All three mineral 
phases show a general trend of increasing calculated water concentration, based on 
phenocryst water content and the highest partition coefficient, with increasing 
distance from the plume, with the trend being the most obvious with the plagioclase 
data (See Figure 2.6A-C). 
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Figure 2.6A: Based on the average water measured in olivine phenocrysts and 
the highest partition coefficient in previously published studies (see Table 
2.5), the calculated melt water concentration from olivine phenocrysts is 
plotted here versus the distance from the mantle plume. 
 
 
 
Figure 2.6B: Based on the average water measured in the clinopyroxene 
phenocrysts and the highest partition coefficient in previously published 
studies (see Table 2.5), the calculated melt water concentration from 
clinopyroxene phenocrysts is plotted here versus the distance from the 
mantle plume. 
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Figure 2.6C: Based on the average water measured in the plagioclase 
phenocrysts and the highest partition coefficient in previously published 
studies (see Table 2.5), the calculated melt water concentration from 
plagioclase phenocrysts is plotted here versus the distance from the mantle 
plume. 
 
 
Average partition coefficients were calculated from paired FTIR water 
measurements of melt inclusions and their host phenocrysts.  For olivine, individual 
inclusion/mineral paired measurements yield partition coefficients ranging 
anywhere from 0.0007-0.88.  For clinopyroxene, these coefficients fall between 
0.001-0.88 and 0.002-0.4 for plagioclase.  The range for all of these calculated 
coefficients is much larger than previously reported in the literature.  This is likely 
due to either an overestimation or underestimation of the phenocryst water 
concentration due to the fact that phenocryst measurements are made only in one 
crystallographic orientation.  For these individual grain analyses, the singular 
measurement is considered representative of all orientations, which is an invalid 
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assumption that generally leads to total water concentrations that are either too 
large or too small but do encompass the range of total water.  In an attempt to 
combat this issue, the average phenocryst water for any given sample was again 
considered, putting the total water concentration in much better agreement with 
the actual amount.  Figure 2.7 below shows three plots, one for each mineral phase, 
of the average phenocryst water concentration versus the average melt inclusion 
water for inclusions hosted in that particular mineral.  These plots indicate a good 
positive correlation between melt inclusion and phenocryst concentration, which is 
to be expected.  The exception to the linear trend in the plagioclase plot in Figure 
2.7c is sample ICE15-10, which shows unexpectedly high water phenocryst 
concentration for the melt inclusion water abundance.  While the relationship 
between phenocryst and melt water measured here suggest higher partition 
coefficients than previously reported in the literature, the positive correlation 
between these two parameters suggests they can both reliably indicate changes in 
magmatic water concentration. 
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Figure 2.7A: Water in olivine phenocrysts versus melt inclusion water hosted in 
those phenocrysts. 
 
 
 
Figure 2.7B: Water in clinopyroxene phenocrysts versus melt inclusion water 
hosted in those phenocrysts. 
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Figure 2.7C: Water in plagioclase phenocrysts versus melt inclusion water 
hosted in those phenocrysts. 
 
 Using a silica based thermobarometer (Lee et al., 2009), temperatures and 
pressures were calculated for the 11 samples that have whole rock MgO 
concentration over 8 wt% (Table21.7).  Temperatures range from ~1440 to 1544 C, 
while pressures range from 1.74-3.31 GPa, corresponding to depths of roughly 57-
110 km.  Table 1.8 shows the average pressures for each volcanic zone.  The number 
of pressure calculations used in this average is also shown because some areas have 
a very limited number of samples that met the requirements to be suitable for 
thermobarometric calculations.  Samples from the EVZ seem to be more evolved 
than samples elsewhere with none having MgO over 8 wt% that could be used to 
calculate temperature and pressure. 
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Table 2.6: Temperature and pressure calculations for a subset of samples that 
has whole rock MgO over 8 wt% and could be used in the silica-based 
thermobarometer of Lee et al. (2009).  The volcanic zone for each sample is 
also indicated. 
 
 
Sample Temp (C) 
Pressure 
(GPa) 
Location 
ICE15-4 1533.81 3.31 SVB 
ICE15-6 1449.77 1.99 WVZ 
ICE15-7 1482.10 2.20 WVZ 
ICE15-8 1452.50 1.99 WVZ 
ICE15-10 1509.72 2.60 WVZ 
ICE15-11 1518.54 2.71 WVZ 
ICE15-12 1524.43 2.80 WVZ 
ICE15-14 1467.36 2.05 NVZ 
ICE15-15 1440.68 1.74 NVZ 
ICE15-38 1544.27 3.03 RVB 
ICE15-39 1490.87 2.36 RVB 
 
 
Table 2.7: Average pressure calculated for each volcanic zone based on the 
thermobarometer of Lee et al., (2009).  The number of samples used in this 
average is also indicated and it is important to note that some areas have 
very few samples that were suitable for thermobarometry.  The EVZ had 
none that fit the criterion and, therefore, there is no pressure estimate 
available for those samples. 
 
Location 
Pressure 
(GPa) 
Number of 
Calculations 
SVB 3.31 1 
WVZ 2.06 6 
NVZ 1.89 2 
RVB 2.69 2 
 
 
 Mineral chemistry data collected on the electron microprobe are 
summarized in Table 2.9 for each sample (See Appendix B for complete electron 
microprobe dataset).  Note that not all samples contained measurable phenocrysts 
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of all different mineral types listed.  Sample ICE15-1 is a more evolved trachydacite 
and exhibits more evolved compositions of olivine (low forsterite (Fo) component) 
and plagioclase feldspar (low anorthite (An)).  Most samples exhibit a fairly small 
range in mineral composition, suggesting that the magma did not experience 
significant evolution during crystallization and show no evidence of zoning.  The 
exceptions are samples ICE15-25, ICE15-29 and ICE15-41.  Sample ICE15-25 
contains fairly evolved olivine phenocrysts (Fo ~63), even though the whole rock 
chemistry indicates this sample is a basalt with 49.39 wt% SiO2 and 6.02 wt% MgO.  
Transects across plagioclase phenocrysts in samples ICE15-29 and ICE15-41 show 
evidence of zoning, as suggested by the large range in the anorthite component.    
  
Table 2.8: Compiled results from the electron probe microanalysis for each 
sample.  The average forsterite (Fo) component of olivine, average enstatite 
(En) component of clinopyroxene and average anorthite (An) component of 
plagioclase feldspar is indicated, along with the range for each.  See 
Appendix B for complete dataset. 
 
 
Rare Earth element data are shown normalized to mid-ocean ridge basalt 
(MORB) (Figure 2.8) and chondrite (Figure 2.9) for only the basalt and basaltic 
andesite samples.  The WVZ samples plot very close to what is expected for a typical 
Average Fo Fo range Average En En range Average An An range Location
ICE15-1 36.87 36.56-38.23 34.04 30.71-36.93 36.16 35.78-40.67 SVB
ICE15-4 82.40 78.37-85.89 45.90 44.60-47.43 78.84 73.39-81.65 SVB
ICE15-8 84.64 82.82-85.8 80.70 77.84-82.97 WVZ
ICE15-10 81.32 80.23-82.41 81.32 81.32 WVZ
ICE15-12 82.37 80.85-83.37 82.52 82.52 WVZ
ICE15-15 90.61 88.35-92.41 NVZ
ICE15-25 62.92 53.12-67.05 73.35 63.53-79.98 NVZ
ICE15-28 84.79 81.40-87.06 EVZ
ICE15-29 46.69 43.44-49.72 71.64 50.84-88.17 EVZ
ICE15-31 75.58 75.58 49.36 47.57-51.47 82.54 84.13-87.31 EVZ
ICE15-35 49.50 49.50 87.44 86.49-88.81 EVZ
ICE15-38 81.50 76.02-83.37 RVB
ICE15-39 82.42 81.83-83.84 81.75 77.34-84.3 RVB
ICE15-41 72.42 58.09-79.29 EVZ
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MORB.  The RVB, NVZ and EVZ samples are somewhat more enriched relative to 
MORB.  The NVZ exhibits two distinct populations, with the samples from Krafla 
(ICE15-13, ICE15-16, ICE15-17, ICE15-18, ICE15-20, ICE15-24, ICE15-25, ICE15-26) 
clustered tightly together exhibiting more enrichment than the neighboring samples 
ICE15-14 and ICE15-15. Sample ICE15-36 from the RVB has a pronounced negative 
Rb anomaly.  
 
Figure 2.8: Trace element spider diagram for the basaltic samples as normalized 
to MORB.  Samples along the WVZ show a typical MORB signature, while data 
from the RVB, NVZ and EVZ are more enriched.   
 
REE diagrams normalized to chondrite are shown in Figure 2.9.  The WVZ 
shows a very flat REE pattern, suggesting either very large degrees of partial melting 
of a garnet lherzolite source or perhaps a source region that is lacking in garnet.  
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The NVZ samples once again exhibit two populations with the Krafla samples 
showing a fairly flat REE pattern that is more enriched than the WVZ samples.  The 
additional two samples in the NVZ, ICE15-14 and ICE15-15, once again are much 
less enriched than the other samples in the area.  The RVB and EVZ samples exhibit 
more sloping REE patterns, with variable degrees of enrichment of the light REEs 
(LREEs) relative to the heavy REE (HREEs).  Of this subset of mafic samples (<60 
wt% SiO2), only one sample (ICE15-31) shows an Eu anomaly, suggesting that 
plagioclase fractionation does not play a role in the majority of samples.  Sample 
ICE15-31 also has a negative Ba anomaly suggesting removal of anorthite.  It also 
has somewhat lower Fo content of olivine (Fo ~75) and a higher Fe component in 
clinopyroxene phases, agreeing with the idea of differentiation of the magma. 
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Figure 2.9: Trace element spider diagram for the basaltic samples normalized to 
chondrite.  Samples along the WVZ show a typical MORB signature, while 
data from the RVB, NVZ and EVZ are more enriched.   
 
Higher La/Yb ratios in Iceland are believed to represent very small degrees 
of partial melting and this ratio should decrease with increasing degrees of partial 
melting (i.e. Stracke and Bourdon, 2009).  Similarly, the ratio of Sm/Yb will also 
decrease with increasing amounts of partial melt of a source region containing 
residual garnet.  These two ratios are plotted compared to each other in Figure 2.9 
for only the basalt/basaltic andesite samples, while excluding the intraplate SVB.  In 
this figure, samples from the NVZ and WVZ show low ratios of both, suggesting the 
highest degree of partial melting.  The RVB and EVZ show more variability but their 
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ratios generally indicate smaller degrees of partial melting, with some of the lowest 
degrees likely in the EVZ. 
 
 
 
Figure 2.10: Plot of La/Yb versus Sm/Yb for the basalt and basaltic andesite 
samples.  Note that the intraplate SVB samples are not included.  Points are 
colored by their location with light blue for the WVZ, gray for the RVB, 
orange for the NVZ and darker blue for the EVZ. 
 
 To ascertain if the source region contains olivine or not, ratios of Zn to Fe 
were calculated.  Olivine preferentially incorporates Fe as opposed to Zn, so melts 
sourced in olivine bearing regions will have lower Zn/Fe than those sourced in 
olivine depleted lithologies (Le Roux et al., 2010).  To obtain elemental values for Fe, 
FeO was multiplied by 0.77311 and Fe2O3 by 0.699433 and added together to get 
total elemental Fe.  Zn/Fe ratios are reported as Zn/Fe*104.  The values of 
Zn/Fe*104 are plotted against Mn/Zn*104 (Figure 2.11) for only the basalt and 
basaltic andesite samples, to avoid the effects that fractional crystallization of 
olivine would have on this ratio.  Only 1 sample, ICE15-37 has whole rock Zn/Fe 
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that plots above the threshold for olivine in the source region of 12.5*104.  This 
sample did not have melt inclusions suitable for measurement so there is no water 
data to compare this to.  
 
 
  
Figure 2.11: Zn/Fe*104 plotted against Mn/Zn*104 for only the basalt and 
basaltic andesite samples.  Samples that plot below the horizonal line at a 
Zn/Fe*104 ratio of 12.5 are consistent with an olivine-bearing source. 
2.4. Discussion 
 
 Water concentrations measured in melt inclusions suggest ubiquitously low 
values under 0.5 wt% for all samples.  Measurements range from 21-3320 ppm, 
within melt inclusions and up to just over 0.5 wt% in matrix glass.  Melt inclusion 
data suggest a geographic trend, based on location in Iceland.  Samples measured 
along the West Volcanic Zone and Reykjanes Volcanic Belt in southwest Iceland 
(samples ICE15-10, ICE15-12, ICE15-38, ICE15-39), contain higher amounts of 
water than samples collected elsewhere, ranging from 1.5 to over 4 times higher 
water concentrations on average than samples collected elsewhere.  The West 
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Volcanic Zone is an area of active rifting but it is not clear why magmas in this 
region are more hydrous; options include recycled hydrous material in the source 
region or a smaller contribution from a dry mantle plume.  The latter of these two 
hypotheses is supported by REE element data which suggests little to no mantle 
plume contribution, as well as the data shown in Figure 2.5, which suggest that 
increasing distance to the plume results in more hydrous magmas.  This trend is 
apparent when looking at either the average water concentration or the maximum 
water concentration measured in melt inclusions for each sample, as well as in the 
data measured in the nominally anhydrous olivine, clinopyroxene and plagioclase 
phenocryst phases.  However, these data may be a bit skewed by the increased 
water in the WVZ and RVB, areas that are located far from the plume, making this 
trend seem plausible for volcanism around the entirety of the country, when, in 
reality, it is a localized effect restricted to the southwestern WVZ and RVB region.  
The data of both Schilling et al. (1980) and Nichols et al. (2002) support the theory 
of a more hydrous mantle source under the southwest portion of Iceland because 
samples from the offshore Reykjanes Ridge exhibit increasing water concentration 
the closer they are to Iceland.   
 Water measurements from melt inclusions in this study suggest much more 
anhydrous melts than noted by Nichols et al. (2002) from their dataset of submarine 
and subglacial basaltic glasses.  There are several possible reasons for this 
difference, one being that transmitted FTIR spectroscopy relies on the absorbance 
through the whole thickness of the sample (~100 microns)  at a given measurement 
point.  While melt inclusions were selected that appeared to span a significant 
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portion of the total thickness, it is likely that some measurements also incorporated 
some amount of crystalline phenocryst host, leading to lower melt water values 
since the mineral phases in this study are fairly anhydrous.  Mapping of melt 
inclusions (Figure 2.4) also indicates that volatiles are not homogenously 
distributed within a single inclusion, often with highest concentrations near the 
center of the inclusion.  Possible explanations for this include thicker inclusions near 
the center that incorporate less phenocryst in the total thickness, incorporation of 
phenocryst in the measurement area at the edge of the inclusion or diffusive loss of 
hydrogen out of the inclusions.  Rapid diffusion of hydrogen out of melt inclusions 
has been suggested by several studies (e.g. out of olivine hosted melt inclusions, 
Gaetani et al., 2012).  However, the water concentration maps do not show a 
diffusive gradient of water away from the inclusion into the mineral host.  Data also 
indicates a positive correlation between the melt inclusion water and the 
phenocryst host for all samples, suggesting there hasn’t been significant diffusive 
loss from inclusions or that this loss has been uniform across all samples. 
The calculations of predicted melt water concentration based on FTIR 
measurements in the minerals and known partition coefficients between the 
melt/mineral water suggest there should be much higher melt water than measured 
in the inclusions, though there is a significant range based on the partition 
coefficient used.  Using the maximum partition coefficients reported in the literature 
(0.017 for olivine (Kurosawa et al., 1997), 0.034 for clinopyroxene (Hauri et al., 
2006) and 0.01 for plagioclase (Hamada et al., 2013), gives the best fit with the melt 
inclusion values but are still generally higher.  For olivine, the measured melt 
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inclusion values fall between 40-2667 ppm, while the predicted values based on 
olivine phenocryst water range from 812-27563 ppm.  Melt inclusions in 
clinopyroxene suggest 328-3319 ppm water while the calculated values imply a 
much higher range of 4152-41034 ppm.  Plagioclase inclusion water concentrations 
are 21-1660 ppm while the theoretically calculated values based on the phenocrysts 
are 1908-25203 ppm.  For clinopyroxene and plagioclase, the calculated theoretical 
melt water is not even within the range of what is measured in the melt inclusions in 
those crystals.  It is plausible that values differ due to errors in estimating the total 
water in three mutually perpendicular crystallographic orientations since a singular 
orientation is used here to estimate the total water, often leading to an 
overestimation or underestimation of total water.  Phenocryst measurements could 
potentially incorporate a concealed fracture or small inclusions which erroneously 
elevates water values.  The melt inclusion data is subject to errors of up to 20%, 
largely based on the calculation of the molar absorption coefficient, and is often 
limited by small sample size (i.e. samples with limited melt inclusions).  There may 
also be discrepancies between experimentally derived partition coefficients (e.g. 
Aubaud et al., 2004) and natural systems.  There is significant spread in the partition 
coefficient values reported in the literature, many of which were derived from 
experimental data with highly water saturated melts (up to 20 wt% in some cases, 
e.g. Hauri et al., 2006).   
Hypothetical melt water concentrations often meet or exceed the values 
reported by Nichols et al. (2002) for subglacially erupted basalts which range up to 
1.2 wt%.  It is important to note however that the only calculated melt water 
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amounts over 1 wt% in this study were for samples ICE15-10, ICE15-12, ICE15-39 
and ICE15-5.  ICE15-5 is located in the intraplate SVB and cannot be considered due 
to its intraplate volcanic environment.  ICE15-10, ICE15-12 and ICE15-39 all are 
from the WVZ/RVB, further enhancing the idea that the southwest region of Iceland 
hosts magmas with more water than elsewhere in the country.  This also suggests 
that the minerals may be reliable recorders of the volatile content of the magma 
they grew in.   
The two high water volcanic regions, the WVZ and RVB, have magmas that 
seem to be derived from similar depths, with pressure calculations between 1.99-
2.8 GPa and 2.36-3.03 GPa, respectively, corresponding to depths of approximately 
65-100 km.  The WVZ exhibits a very MORB-like REE pattern (Figure 2.8), 
suggesting little to no plume contribution.  The lack of relative enrichment of the 
LREEs compared to the HREEs suggests large degrees of partial melting, which the 
low ratios of La/Yb and Sm/Yb also confirm.  Data from the RVB shows greater 
enrichment in the LREEs, indicating smaller degrees of partial melting.  It can be 
reasonably assumed that magmas from both the WVZ and RVB are derived from an 
olivine-bearing, relatively hydrous source region by variable degrees of partial 
melting.  The NVZ zones, in particular samples from Krafla volcano are also derived 
from a fairly high degree of partial melting, similar to the WVZ, but are more 
enriched in REEs overall.  Melting here likely happens somewhat shallower (1.74-
2.05 GPa) depths in a more anhydrous source.  Based on REE patterns, samples from 
the EVZ tend to be more enriched, especially in the lighter incompatible elements 
(Figures 2.8 and 2.9), suggesting these magmas were formed by small degrees of 
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partial melting or have undergone some evolution.  These samples also have some 
of the highest ratios of La/Yb and Sm/Yb (Figure 2.10), supporting the idea that 
these magmas were generated from small degrees of partial melting as required to 
concentrate the light (La) and middle (Sm) REEs in the melt.  Olivine phenocrysts 
are rare in the samples from the EVZ and these samples are geochemically more 
evolved than samples elsewhere, with none over the 8 wt% MgO required for 
thermobarometric calculations.    
2.5 Conclusion 
 
FTIR spectroscopy measurements of water in melt inclusions, suggest 
relatively dry magmas across Iceland containing less than 0.5 wt% water. Water in 
inclusions hosted in olivine ranges from 40-2667 ppm, while the olivine 
phenocrysts can accommodate 12-468 ppm water.  For clinopyroxene inclusions, 
water values fall from 328-3320 ppm, while the phenocrysts host between 141-
1395 ppm water.  Plagioclase hosted inclusions contain 21-1660 ppm water while 
the mineral holds 11-252 ppm.  Known partition coefficients previously published 
in the literature predict melt water compositions generally higher that measured in 
inclusions, up to over 4 wt%.  This may be a function of errors in estimating total 
water in three crystallographic orientations or from incorporation of hidden water 
sources into measurements such as fractures or inclusions in the phenocrysts that 
aren’t visible.  It could also be that the experimentally derived partition coefficients 
in the literature are not appropriate for the natural Icelandic system since there is a 
strong positive correlation between inclusion measurement and phenocryst 
 45 
measurements noted here.  Although this correlation suggests otherwise, diffusive 
loss of hydrogen from melt inclusions can’t be ruled out entirely and would play a 
role in the discrepancy between the phenocrysts and inclusions, though mapping of 
inclusions does not show a diffusive gradient of water away from the inclusions.  
These magmas seem to all be derived from variable degrees of partial 
melting of an  olivine-bearing source region, with very high degrees of melting along 
the WVZ, an area that seems to have very little plume influence based on REE data.  
In terms of water concentration, there is a spatial trend suggesting that water 
increases with increasing distance from the mantle plume, implying a dry mantle 
plume, however, areas to the north and south of the plume show fairly similar, 
lower water concentrations and are closer to the plume center than the more water 
rich WVZ and RVB regions, creating a potential apparent trend of increasing water 
with increasing distance from the plume. This trend is likely more localized, with 
evidence pointing to an olivine-bearing, more hydrous mantle source region at ~65-
100 km depth beneath the southwestern areas of Iceland in the WVZ and RVB areas, 
possibly leading to increased melt production.  The reason for this variability in 
source hydration is not yet clear and requires future work. 
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CHAPTER 3 
BASALTIC MAGMATIC MAPPING: A SUGGESTED METHODOLOGY AND THE 
RESULTING PETROLOGIC AND VOLCANIC HAZARD IMPLICATIONS FROM THE 
SPRINGERVILLE VOLCANIC FIELD, EAST CENTRAL ARIZONA  
 
3.1 Introduction 
Basalt dominates the surface of all known terrestrial-like planets, with cinder 
(scoria) cones and associated lava flows found on most of them. On Earth, several of 
these currently active volcanic fields pose a significant risk to population centers 
including locations such as Mexico City (Siebert and Carraso-Núñez, 2002), 
Auckland, New Zealand (Molloy et al, 2009, McGee et al., 2013, 2015), or the Eifel 
fields of Germany (Schmincke et al., 1983), though these hazards are often poorly 
understood due to long intervals between eruptions, and a lack of a detailed 
delineation of the products and of the timing of the often several hundreds of 
eruptions that produced them. Predictions of future eruptions, their type and affect, 
depend on studies of past eruptions, where the lifespan of a continental volcanic 
field is documented from start to finish.  
The Springerville Volcanic Field (SVF), located in east-central Arizona in the 
southwestern United States (see Figure 3.3), is arguably one of the best-
characterized basaltic monogenetic volcanic fields in the world, with its expanse of 
over 3000 km2 now mapped in its entirety as a result of recent efforts in 2010 and 
2011. The SVF is the southernmost of several late Pliocene to Holocene volcanic 
fields along the margin of the Colorado Plateau (Condit, 1991, Condit et al., 1989, 
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1999, Condit and Connor, 1996) as can be seen in Figure 3.3. These fields are 
generally monogenetic, with numerous localized, short-lived eruptions likely 
ranging from months to a few tens of years in duration (Nemeth and Kereszturi, 
2015, see Figure 3.1 for aerial view of the cinder cones dominating the SVF). Most 
are dominantly basaltic in composition, although some also contain larger silicic 
centers of volcanism (Condit and Morrison, 1991; Baldridge, 2004). In the SVF, 
Condit and Connor (1996) produced important predictive trends for both future 
eruptions (timing and location) and their likely products, including volume, 
chemistry and eruptive style. 
 
 
Figure 3.1: NASA WorldWind view of the Springerville Volcanic Field from the 
southern extent looking North.  The vertical scale is exaggerated by a factor 
of three. 
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The mapping in 2010 and 2011 completed the final, south-central portion of 
the SVF in the Yellow Jacket Cienega (YJC) geographic subdivision (section ‘y’ on 
Figure 3.5, see section 3.2 for information on geographic subdivisions), resulting in a 
completely characterized field (Mnich et al., 2011; Mnich and Condit, 2013, 2016; 
Condit and Mnich, 2013). The style of systematic, detailed mapping used in the SVF, 
termed “magmatic mapping” by Condit (2007) is a useful tool for mapping basaltic 
volcanic fields because its intent is to delineate each eruptive event, including its 
vent location and eruptive products, so that their patterns and changes through time 
can be best understood. Other map products which approach this level of detail, 
such as the USGS map of the Big Island of Hawaii (Wolfe and Morris, 1996), lump 
discrete magmatic events as one unit rather than distinguishing them as products of 
separate eruptive events.  Mapping done at Craters of the Moon (Kuntz et al., 2007) 
provides a high level of detail, however, naming and organization conventions are 
based largely on age and do not provide information about lithology of the units.  
The mapping and unit designation methods presented here are unique in that each 
pulse of magma is distinguished and given a unique name corresponding to its 
lithology, location and stratigraphic position.  Magmatic mapping provides a 
standardized, volcanic unit focused approach to characterizing volcanic fields. 
Results of magmatic mapping in the SVF now provide a comprehensive overview of 
the lifespan of the field, representing a unique resource, useful not only in studying 
the petrogenetic evolution of this field, but in serving as a template for comparing 
similar volcanic fields. 
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The intent of this paper is to discuss the methodology used in the “magmatic 
mapping” of the SVF so that it can be applied in other settings. The mapping and the 
data derived from it represent a template that may be used to compare the 
characteristics of continental and planetary volcanic fields. For less accessible 
basaltic volcanic fields, the detailed results of the SVF can serve as a guide to 
interpret remote sensing or limited data and help determine the necessity for 
further study.  In the case of NASA, where active training of astronauts in mapping 
basalts has been on-going since 2008 as part of NASA’s Desert Research and 
Technology Studies (DRATS) program (Eppler et al., 2012), the magmatic mapping 
template may provide a framework in which to maximize returns of such fieldwork 
(i.e. locating targets for extra vehicular activities (EVAs) to verify contacts and for 
sampling on robotic and crewed rover missions). For terrestrial volcanic fields, 
magmatic mapping provides a temporal basis for analyzing changes to volcanic 
processes, including petrogenesis and volcanic hazards for each volcanic 
occurrence. On-going work in the SVF offers the possibility to better elucidate 
petrogenetic processes within the magmatic units (e.g. McGee et al., 2015 and 
references therein) as described in this report, using downloads of this data, made 
available from the on-line Dynamic Digital Map of the Springerville Volcanic Field 
(see http://ddm.geo.umass.edu/DDM-SVFv2). 
3.1.1 The Springerville Volcanic Field 
The SVF overlies the lithospheric transition zone between the Colorado 
Plateau and the Basin and Range Province. The dominant source for lava flows in 
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the SVF is from one of the over 450 pyroclastic vents, mostly cinder cones, that 
erupted between ~2.1 and 0.3 Ma. Additional volcanic features include five maars, 
four fissure vents and two shield volcanoes: Blue Ridge Mountain and Coyote Hills 
(Condit and Connor, 1996) flanking the west and east sides of the field, respectively. 
To the south, the older trachytic lavas of the Mount Baldy (9-7 Ma) shield volcano 
(Merrill and Pewe, 1977, Nealey, 1989) underlie the lavas of the SVF (Condit et al., 
1989, 1999).  
 
Figure 3.2A: Aerial photograph of the northern part of the field looking south 
across flow Qoa1 in the foreground (see supplemental maps and photo 
locations in Figure 1).  Note the cinder cones and associated lava flows 
(Image S#157 of DDM-SVFv2). 
Figure 3.2B: Aerial photograph of the north-central SVF (the Cerro Hueco 
Geographic Subdivision) looking south showing the transition from pinon 
and juniper vegetation to Ponderosa Pine (Image S#153 of DDM-SVFv2). 
 
A few flows that erupted prior to the main eruptive events in the SVF flank the edges 
of the field, suggest some level of ongoing previous volcanism in the area. These 
include the 5.3±0.11 Ma, over 50 km2 unmapped tholeiitic Volcanic Mountain flow 
(Cooper et al., 1990) on the northern edge of the field, and a 6.59±0.12 Ma tholeiitic 
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flow (unit Tof) that also crops out in that area from beneath younger flows, as well 
as several small flows dating from 7.60.4Ma to 2.940.14Ma that range in 
composition from tholeiite to hawaiite (Condit and Connor, 1996), also on the edges 
of the field. 
 
Figure 3.3: The location of the SVF (area colored in blue) and other volcanic 
fields (areas colored in gray), along the margin of the Colorado Plateau 
(Modified from Condit, et al, 1989).  The inset on the lower left shows the 
location of the larger figure in the southwestern United States denoted by 
the red box. 
 
Christopher Condit, Larry Crumpler and Jayne Aubele mapped approximately 
85% of the SVF between the years 1978 and 1982, resulting in two USGS 
Miscellaneous Investigation Series Maps (Condit, 1991, Condit and others, 1999). 
Within the ~1.8 Ma of main eruptive events in the SVF, from 2.1 to 0.3 Ma, there are 
several distinct eruptive episodes. In the earliest phase, prior to 1.75 Ma, large 
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volumes of tholeiitic lavas were erupted and comprise much of the basal flows in the 
field, with volumes estimated from aerial extents of mapped flows (Condit et al., 
1989, 1999). Rates of vent formation increased before 1.5 Ma, which coincided with 
a shift in the locus of magmatism from west to east, as well as an increase in the 
alkalic nature of the magma (Connor et al., 1992, Condit and Connor, 1996). From 
1.75 to 1 Ma, steady volume output of alkali-olivine basalts of increasing alkalic 
nature erupted to form the largest volume of flows in the field (Condit et al., 1989). 
After this, eruptive products were generally more evolved, however, declining 
volcanism rates produced smaller volumes from 1 Ma to the last dated lavas 
produced at 0.3 Ma (Condit and Connor, 1996) (Figure 3.5). Condit et al., 1989, 
suggested that between 2 and 0.3 Ma, the locus of volcanism shifted from west to 
east at rates of 1-3 cm/year, roughly coincident with the rates of plate motion.  
3.2 Methods of Magmatic Mapping 
Magmatic mapping focuses on the differentiation of each distinct volcanic 
product erupted at a single moment in time, ranging from hours to years. The 
techniques and organizational framework of magmatic mapping, devised largely by 
Condit (1991) and Condit, Crumpler and Aubele (1999) who modified the mapping 
styles of Ed Wolfe et al., (1987a and 1987b), George Ulrich et al., (1987), and Chris 
Newhall et al., (1987) of the U.S. Geologic Survey (USGS) in San Francisco volcanic 
field, are based on organizing the data as products or parts of distinct volcanic units. 
Condit and Connor (1996) defined a unit as “an assemblage of volcanic products 
having internal stratigraphic features that indicate cogenetic origin and eruption 
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from a common vent” (essentially a flow field as defined by Wadge, 1978, p. 503). 
Observed examples of such monogenetic events come from the Trans-Mexican 
Volcanic Belt and include the historical Jorullo (1759–1774) and Paricutin (1943–
1952) volcanoes (Mahgoub et al., 2017). 
 In a volcanic containing over 500 units, we found it most useful to name each 
unit in such a way that it would include a reference to its geographic location, an 
indication of the primary characteristic of the lava flow (flow mineralogy) and to the 
flow’s relative stratigraphy (and therefore age).  In the following sections, these 
efforts are described in detail. 
3.2.1 Identifying and Mapping Units 
Using the methods of magmatic mapping, a unit is defined in the field based 
on a number of characteristics, the most important being the flow mineralogy or 
lithology. For purposes of field mapping this is based on the modal phenocryst 
content, with phenocrysts defined as minerals that are larger than 1/3 mm, and thus 
easily seen in a hand lens. Other distinctive features include groundmass texture, 
and morphological characteristics including flow surface roughness or morphology 
(rarely in these older flows, expressed as a'a' or pahoehoe), flow surface weathering 
and thickness of soil development. Some flows display distinct trends, such as a 
hummocky surface or a fissile nature, throughout. The integrity of a unit can be 
supported using geochemical data, or paleomagnetic data, with careful attention to 
possible inter-laboratory biases. 
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 Mapping consists largely of walking flow edges, verifying lithologic content 
and monitoring for variability. Consistent variability from distal to proximal ends of 
flows, with either increasing or decreasing phenocryst content is not uncommon. In 
some cases, flows must be classified as composite units because flow-lobes, as 
defined by flow fronts, contain mixed lithologies that could not be broken out as 
discrete units because of either poor outcrop exposure, increased soil development, 
petrogenetic processes within magma batches, or other complicating factors. Two 
prime tasks involved while determining flow edge contacts include selecting 
representative samples and locating in-place flow edges that might qualify as 
paleomagnetic sample sites.  
 Mapping techniques included the transfer of flow edges to topographic maps, 
resulting in closed polygons that define both lava flow edges and the distribution of 
the pyroclastic (cinder cone) vent deposits of a given flow (see Figure 3.4). 
Pyroclastics are included as part of the flow unit and the cone is separated out as 
different material by drawing a line around the cone at the topographic break 
around the base of the cone.  
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Figure 3.4: Segment of the map of the Morgan Mountain area (see Figure 3.5 for 
location in the field) taken from the Dynamic Digital Map of the Springerville 
Volcanic Field (DDM-SVFv2) (Condit, 1995, 2018) showing how unit Qmb6 
(blue) can be seen to overlie Qmg (brown) and how Qme overlies both 
Qmb6 and Qmb5 on the basis of its geometry (See section 4.1 for 
discussion).  This figure also illustrates how that outcrop geometry can be 
used to help identify source vents for those units (e.g. V9311 is the vent for 
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Qmg; V9418 for Qme; V9417A, V9417B, V9416A and V9416B are all sources 
of Qmb6). Colors of flows are indicative of lithology as defined by Condit 
(1991, 1999).  See Figure 3.7 for details and section 3.5 for discussion of unit 
descriptions. 
 
Correlating lithologies of vent products to that of flows in the SVF is sometimes 
problematic, unless there is flow-rich spatter at the vent source containing distinct 
lithologies. Thus, the flow geometry of unit contacts is often used to provide the link 
to vent locations. Complicating this is the fact that flow edges and contacts are 
commonly obscured around vents resulting from the collapse of cinders on 
oversteepened cones. In some cases, vents are destroyed in the process of eruption 
or may be buried or surrounded by a subsequent lava flow further complicating the 
process of vent identification. As shown in Figure 3.4, most flows emanate from a 
single cinder cone, although some, such as Qmb6 erupted from four small but 
distinct cinder cones, apparently simultaneously, while others elsewhere in the field 
(not shown in Figure 3.4-see supplemental data) such as V9525 (Juan Garcia 
Mountain) hosted four distinct flows, three of which were lithologically distinct but 
aphyric in character (c.f., units Qjh3, Qhj5 and Qjh6 around Stop 6 of the IAVCEI field 
Guide, Condit et al., 1989).  
3.2.2 Spatial Organization 
Monogenetic volcanic fields, and the SVF in particular, typically are 
comprised of a large number of flow fields. To capture these in an organized 
framework that includes both a spatial and temporal component, unit nomenclature 
was first organized geographically. With mapping completed, workers recognized 
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there were a number of regions within which the flow units had fairly complete 
stratigraphic relationships. These “units or discrete magma bodies are often joined 
by common underlying basal flows, a factor that is especially evident in the 
peripheral parts of the field. For example, unit QTsf (green in Figure 2.4) crops out 
from beneath other flows in the northwest, northeast and in the central parts of the 
area shown. Groups of units are designated as geographic subdivisions, resulting in 
twenty-one subdivisions in the SVF (Figure 3.5), all named for a geographic feature 
within the area. The first lower case letter of these names is included in each unit 
symbol (see section 3.4, Naming Units). 
 
Figure 3.5: Map showing the area of the SVF with geographic subdivisions. The 
letters on the map correspond with the name of the subdivision and are 
listed below the map.  
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3.2.3 Distilling Magmatic Moments in Time  
 In the SVF, basalt stratigraphy combined with magnetopolarity data, as well 
as radiometric ages (forty-two K-Ar and four 40Ar/39Ar) from selected flow fields 
were used to constrain units in time (See Appendix D for the age map of the field). 
Based on these factors, the units are placed into the chronological framework of a 
correlation chart (See Figure 3.6), with the vertical axis spanning from the present 
at the top to 2.6 Ma at the bottom.  
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Figure 3.6: Correlation of Map Units (COMU) chart showing stratigraphic 
relations in the Morgan Mountain subdivision, revised from Condit and 
others (1999), obtained from DDM-SVFv2. Boxes are colored based on 
lithologic class (see explanation in Figure 3.7). Vertical axis is in Ma; on the 
right is the Geomagnetic Instability Time Scale of Singer, 2014. Further 
details of the correlation chart are explained in text. 
 
Boxes representing map units are ideally placed in the center of the probable time 
range of eruption, with lines connecting the younger units above and older units 
below for which stratigraphic relations are well defined. Flows with radiometric 
dates are placed at the appropriate time and anchor stratigraphic sequences where 
possible. The vertical lines next to the boxes of dated units indicate the one-sigma 
error in the date. Also used for properly placing units, the Geomagnetic Instability 
Time Scale (GITS, Singer, 2014), shown on the side of the figure, indicates periods of 
reversed (tan) and normal (white) polarity, which we are in the process of using to 
replace the original time scale of Mankinen and Dalrymple (1979). Basalt flows 
ideally preserve the polarity at the time of eruption and can thus be placed in the 
time period of corresponding polarity, where paleomagnetic data is available. Line 
patterns in the unit boxes indicate its magnetopolarity with diagonal lines sloping 
up-to-the-right indicating normal polarity and lines that slope down-to-the-right 
signifying units with reversed polarity. The field-defined stratigraphic relations are 
also recorded in the unit description (e.g. Figure 3.4, and Mnich, 2013, Appendix B, 
see also the on-line update of the USGS MI Map 2431 (Condit and others, 1999), the 
Dynamic Digital Map of the Springerville Volcanic Field version 2, DDM-SVFv2018-
09-14, Condit, 2018, downloads at URL: ddm.geo.umass.edu/DDM-SVFv2).  
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On the right side of the diagram we again place the unit identification symbol 
in time, and include vertical arrows (time-lines) pointing above and below the 
symbol, the ends of which constrain the temporal limits within which we interpret 
when the unit was emplaced. Generally, if we have overlying or underlying unit, we 
end the time-line for the unit in question at the center of the stratigraphically 
related units time of emplacement, in accord with the suggestions of Condit and 
Connor, 1996, and used by Richardson et al., 2017. Where time-lines of units have 
disallowed periods of emplacement, we dash the time-line for that time-interval. For 
example, where a unit with normal magnetic polarity’s time-line extends through a 
period of reversed magnetic polarity and back into a normal polarity interval, we 
dash the time-line for that reversed polarity time-interval.   
3.2.4 Naming Units 
 As an identifying feature, units are given a preliminary designation initially, 
while in the field (see section 3.4.1, Vent and Flow Identification). After fieldwork 
was completed, flows were given a permanent unit designation, based on their age, 
geographic subdivision, lithology, and stratigraphic relation to similar units (see 
section 3.4.2, Litho-stratigraphic Nomenclature). 
3.2.4.1 Vent and Flow Identification 
In the field, flows and vents are given a preliminary designation based on 
their location by assigning them a four or six-digit number that uniquely identifies 
either (in the United States) the square mile in the township, range, and section 
(TRS) system or the square kilometer in the UTM system in which the flow or vent is 
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located (vents are designated with the prefix “V”, flows with “F” or “f” for those with 
an identified vent). If there is more than one vent in the same square mile or 
kilometer, then the letters A, B, etc. are added to the end to designate multiple vents. 
For example, Green’s Peak, the highest cinder cone in the SVF is designated V8611A 
(for Township 8 N, Range 26E, Section 11, Condit, 1991). Flows traced to a source 
vent bear the vent number with the prefix "f", however, if there is no identified vent, 
the location of the highest point of the flow is used to create the identifying number 
for the flow and in this case, and flow number starts with an upper case “F” followed 
by the location number. These vent and flow designations remain in the description 
of map units and are also included on maps, if space is available, along with a more 
refined name (see section 3.4.2). This convention is useful in the SVF and other flow 
areas with Township and Range grids. For areas without them, we recommend 
using locations based on the UTM coordinate system, utilizing the first three 
numbers of the northing location, followed by dash and the fourth, fifth and sixth 
numbers corresponding to the easting location; representing a unique square 
kilometer (on earth) blocked off by the northing and easting for a 500 km2 UTM 
zone. For example, in UTM zone 12, the vent of Green’s Peak would be V771-631 
with a corresponding flow f771-631. For planetary maps or those without UTM 
coordinates, decimal degrees provides an appropriate naming scheme.  For 
example, Green’s Peak would be designated as 24.11-109.58.  The advantage of 
assigning vent and flow numbers as soon as a polygon is completed in the mapping 
process is that is provides a ready nomenclature for field notes and these numbers 
can be retained on the map after units are assigned a litho-stratigraphic name (see 
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next section). Following the USGS maps on which this method was based (Condit, 
1991 and Condit and others 1999), we also include among four the thematic maps 
(lithologic, geochemical, paleomagnetic and age) appropriate sample sites. For the 
geochemical map, each unit is classified chemically using the Total Alkali Silica 
system (TAS). 
3.2.4.2 Litho-stratigraphic Nomenclature 
Units are then given a litho-stratigraphic name based on a three-letter 
naming convention devised by Condit (1991) and Condit et al. (1999). The first 
upper case letter is representative of the age of the flow; most flows in the SVF are 
given either a Q indicating that they are Quaternary in age, a T for Tertiary-aged 
flows, or QT in cases where units span the age boundary. The following lower case 
letter indicates the geographic subdivision (see Figure 3.5) and the next is the letter 
of the lithologic class (see Figure 3.7). A petrographic examination of all major units 
was performed to quantitatively determine lithology (Condit, 1984, Cooper, 1991 
and 1994, Smith, 2011, Mnich 2013) and by visual estimation by Crumpler and 
Aubele. In the former case, thin sections are point counted using standard 
procedures, in which phenocrysts were defined as minerals greater than 1/3 mm, 
consistent with the minimum size that can be easily identified in hand sample. 
Thirteen lithologic types were broken out based on the percentage of minerals 
observed and denoted by a lettering system that ranged from the more mafic 
minerals to the more felsic, starting with the letters “a” and “b”, for olivine-pyroxene 
and abundant olivine (>11% phyric lavas, or picrites) to the letter “l” (feldspathic 
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lavas) (Figure 3.7). In this classification scheme, we attempt to minimize the number 
of categories while recognizing all unique lithologies. For example, in the SVF, which 
is dominated by, but not limited to, basalts, we define a “hornblende basalt” as any 
lava with greater than 2% hornblende phenocrysts; these may, and often do, also 
include plagioclase phenocrysts but are uniquely identified by the hornblende. The 
50 vents with no associated flow and no apparent lithology were designated with 
the letter “p”, indicating indeterminate vent materials (pyroclastic material). Their 
placement in the Correlation of Map Units (COMU) charts (for example see Figure 
3.6) are somewhat problematic for reasons delineated in section 3.1 (Identifying 
and Mapping Units), above. 
 
Figure 3.7: Lithologic classes (or types) as defined by Condit (1991) and Condit 
et al. (1999). See text for details. 
 
Basalt with more than 11 percent olivine phenocrysts only
Basalt with fewer than 11 and more than 6% olivine phenocrysts only
Basalt with fewer than 6 and more than 2% olivine phenocrysts only
Basalt with more than 2% olivine, pyroxene and plagioclase phenocrysts only
Basalt with diktytaxitic texture exluding those with plagioclase phenocrysts
Basalt with more than 2% olivine and plagioclase phenocrysts only
Basalt with fewer than 2% phenocrysts
Basalt with more than 2% pyroxene phenocrysts only
Basalt with more than 2% quartz phenocrysts
Basalt with more than 2% hornblende phenocrysts
Basalt with more than 2% plagioclase phenocrysts only
Isolated pyroclastic deposit of indeterminate lithology 
not associated with a flow unit
a
b
c
d
e
f
g
h
i
j
k
l
p
Symbol Lithologic Type Criterion
Olivine-pyroxene basalt Basalt with more than 2% olivine and pyroxene phenocrysts only
Olivine basalt
Picritic basalt
Sparse olivine basalt
Olivine-pyroxene-plagioclase 
                basalt
Diktytaxitic basalt
Olivine-plagioclase basalt
Aphyric basalt
Pyroxene basalt
Quartz basalt
Hornblende basalt
Feldspathic basalt
Pyroclastic deposit
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Flows of the same age period and lithology within the same geographic area are also 
given a number on the end of their three-letter name (or four letter, in the case of 
QT age units) to avoid having flows with the same designation. Numbers are 
assigned based on stratigraphy; the oldest flow is given a one, the next youngest a 
two and so on until all flows are accounted for with a unique identifier. Thus the 
oldest Quaternary age flow of the Morgan Mountain geographic subdivision (Figure 
3.4) with a picritic (abundant olivine) “b”-type lithology would be designated Qmb1 
while the youngest in this area is named Qmb6. At the time of initial USGS reviews 
and publication of the map of the western part of the field (Condit, 1991), the 
Quaternary-Tertiary boundary was defined at 1.8 Ma (Bishop et al., 1978, p. 150) 
and for purposes of unit nomenclature we retain this as the Q-T boundary despite 
the redesignation of the base of the Quaternary at 2.58 Ma (Gibbard et al., 2010). 
3.2.5 Unit Descriptions 
 Consistent with organizing the mapping around units, the description of map 
units (Sheet 2, Condit, 1991; Table 5, Condit et al., 1999; Mnich 2013, Appendix B), 
and the on-line Dynamic Digital Map of the Springerville Volcanic Field (DDM-
SVFv2), Condit, 2018) contains downloadable details about them, including 
lithology, approximate size of phenocrysts, chemical classification and all sample 
sites including geochemical, paleomagnetic, and radiometric (e.g. see the description 
for unit Qme, top left of Figure 3.4 from DDM-SVFv2). Also included are lists of 
overlying and underlying flows to the unit of interest, as well as range in age to 
easily give a best estimate the position of the unit in time. Following the rational of 
 65 
Condit and Connor, 1996 (p. 1228, section “Dating Volcanic Events”), we place the 
unit in the median of its permissible age range. Any other details of the flow, such as 
surface morphology, flow thickness, soil development, groundmass texture, and 
unique features are also incorporated into the description (e.g., Figure 3.4). 
3.3. Results from the SVF 
 In an effort to further the characterization of monogenetic continental 
volcanic fields for comparative purposes, we present a summary of the defining 
characteristics of the SVF. Aspects include lithologic classifications as compared to 
whole-rock chemistry as defined by Le Bas and others (1986) and the measured 
area of each unit. Also important, is how these characteristics change through time, 
with an emphasis on the trends in the field as a whole, versus those seen around and 
in the stratigraphically youngest part of the field, including Greens Peak (GP), Juan 
Garcia (JG), and as typified in more detail, by the Yellow Jacket Cienega (YJC) 
subdivision. 
Within the SVF, of the 501 volcanic units identified, 50 (10%) are cinder 
cone-only units with no discernable mineralogical lithology (and classification as a 
“p” or pyroclastic unit). Another 43 units (8.6%) are barren cinder cones with an 
identifiable lithology, but no associated lava flow. Of the remaining units, all 408 
(81.4%) included lava flows (a few with some ash and debris component), and we 
identified the cinder cone source for 286 of them (~70%), leaving 122 flow units 
with no known vent. One flow unit (Qcb2) emanated from a fissure (V0601). Of the 
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408 lava flow units, 56 were (~14 %) classified as composite flow units; in 12 of 
those we documented more than one lithology, as noted in their unit descriptions. 
3.3.1 Lithologies in the SVF 
 Table 3.1 gives a summary of the aerial outcrop data by lithologic class in the 
SVF (See Appendix C for the lithologic map). We note that the field encompasses 
~3000 km2, within which volcanic rocks outcrop over 2339 km2. In our bedrock 
mapping, soil deposits cover most of the flow interiors, which we ignore unless they 
obscure the extent or relations between flow units, in which case we break them out 
as a surficial unit (e.g., Qal, Qc, Ql, etc. for Quaternary alluvium, colluvium and 
landslides, respectively). Some younger volcanic lavas extend to southeast of the 
southernmost Pole Knoll area, but become buried beneath younger sediments, many 
of which are glacial deposits from the ~9 Ma-old Mt. Baldy shield volcano to the 
south of the SVF (Merrill and Pewe, 1977). In the western part of the SVF, the 
diktytaxitic unit QTsf is the basal unit underlying most of the lavas of western part 
of field. It has anomalously thick flow margins, which range up to several tens of 
meters, in part the result of local ponding in topographic depressions. The patterns 
of kipukas, outcrops of this unit surrounded by younger flows, strongly support the 
interpretation this unit’s total extent is at least an additional 322 km2 (e.g., see 
Figure 3.4). In addition, flows of unit QTsf have been traced southwest down 
Corduroy and Carrizo Creeks to the Salt River, over 60 km (Condit and Morrison, 
1991; Mayer and Condit, 1991); the base level of southern half of the Carrizo Creek 
has since cut down through the basalt, resulting in isolated flow remnants on both 
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sides of the creek, with their distal flow base stranded ~90 meters above present 
base-level at the Salt River (Mayer and Condit, 1991). A reconstruction connecting 
these “bathtub-ring” outcrops suggests another ~48 km2 of lava should also be 
added to this total, giving an interpreted total aerial extent for QTsf of 718 km2, more 
than twice its actual observed outcrop area of 348 km2, which is what is included in 
the total for the type f lithology in Table 3.1.  
 Total outcrop area and average flow size varies for a given lithologic class 
(from observed outcrop areas, Table 3.1). The most numerous lithologic class, the c-
type lithology (with 6-11 modal % olivine phenocrysts only), represented by 120 
units, comprises ~23% of the volcanic outcrop area, with average flow size of ~4.5 
km2/unit. Sparse olivine basalt (d-type lithology <6% olivine phenocrysts only) is 
the second most common lithology, with 80 units, and a total area (11.7%) and 
average flow area (3.4 km2/unit). We suggest these three combined lithologies (c 
and d) should be the most ubiquitous in number in comparable continental and 
perhaps many extraterrestrial volcanic fields. Two classes with similar lithologies, 
type f (diktytaxitic, often with variable olivine content) and type g (olivine-
plagioclase, often grading into diktytaxitic), with 55 units, combined make up a 
minimum of 31% of the field (see note above on unit QTsf). The average flow size of 
these units is likewise the largest in the field at >13.1 km2/unit; they most 
commonly form flows with edges several meters to more than ten meters thick with 
columnar jointing common, similar in habit to the flow packages of Servilleta basalts 
of the Rio Grande (Thompson et al., 2015). Using the two times larger areal extent 
interpreted for QTsf above suggests these size numbers for combined f + g 
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lithologies increase to ~40 % of the field, with the f-lithology comprising ~25% of 
the field, and it’s seven units having an average flow size of ~103 km2. These 
lithologies are candidates to be the most extensive lavas in monogenetic continental 
fields, with individual flows of this type likely covering the largest area. Two other 
contrasting lithologic types, “h” (aphyric) and “b” (picritic, often with large olivine 
phenocrysts from 3 to >6 mm) make up ~11.7% and 10.0% of the outcrop area, 
with aphyric units being twice as common (69 vs. 44 flows). Geochemically the 
aphyric flows are commonly trachy-basalts or hawaiites, as discussed in section 3.2 
below. The picrites are transitional between tholeiites and alkali-olivine basalt 
(AOB); work by Cooper, 1991 suggests this transitional signature is due to the large 
modal percent of olivine, which if adjusted for, results in AOB affinities. Two other 
uncommon lithologies, hornblende (k) and feldspathic (l, plagioclase-rich) each 
make up a small areal extent (1.5% and 2.4%, with 7 and 15 units respectively), but 
their average individual flow size, at 4.6 km2 and 3.8 km2, appears to be similar to 
the more common lithologies, and indeed similar to the average individual flow size 
for all units, at 4.5 km2/unit. These latter two lithologies are typically evolved alkalic 
rocks (see below).  
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Table 3.1: Total volcanic outcrop area, percentage of outcrop area, number of 
units, average outcrop area and maximum flow length for each lithologic 
class in the SVF.  See text for details; maximum length includes only non-
composite units. Numbers in parenthesis apply to an interpreted doubling in 
size for unit QTsf, all other figures are observed outcrop areas. 
 
	Lithologic	class Area	(km2)
Percentage	of	
volcanic	
outcrop
Number	of	
units
Average	unit	
area	(km
2
)
Maximum	
area	(km2)	
and	unit
Maximum	
length	(km)	
and	unit
Olivine-pyroxene	(a) 84.1 3.6 28 3 18.6	Qya2 7.1	Qga
Picritic	(b) 232.7 10 44 5.3 43.6	Qmb4 20.7	Qmb4
Olivine	(c) 536.6 23.1 120 4.5 42.0	Qvc4 19.1	Trc1
Sparse	Olivine	(d) 272.3 11.7 80 3.4 29.3	Qrd1 14.1	Qdb
Olivine-pyroxene	
plagioclase	(e)
67.2 2.9 22 3.1 15.9	Qce1 8.2	Qce1
Diktytaxitic	(f)*
>359.0		
(~718)
15.5 7
>51.3			
(~103)
>348.3	
(~718)	QTsf
>60	QTsf
Olivine-plagioclase	(g) 360.8 15.6 48 7.5 61.5	Qag 28	Qwg3
Aphyric	(h) 270.6 11.7 69 3.9 36.2	Qgh7 20.5	Qgh7
Pyroxene	(i) 8.5 0.4 3 2.8 6.9	Qji1 3.5	Qji1
Quartz	(j) 17.7 0.8 7 2.5 12.0	Qej 4.4	Quj
Hornblende	(k) 34.2 1.5 7 4.9 9.3	Qgk 4.6	Qok
Feldspathic	(l) 56.8 2.5 16 3.5 27.3	Qgl5 10.2	Qgl5
Pyroclastic	Deposit	
without	flow	(p)
16.8 0.7 50 0.4 1.3	Qdp4 NA
Total 2317.3 100 501
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Figure 3.8: Area of each lithology in the SVF (data from Table 3.1). Colors 
correspond to lithology type used in map (See Figure 3.7). 
 
Temporal relationships of these lithologies in the SVF as a whole show that 
early on, the basal flows on both the western and eastern margins of the field, which 
are ~ 900 m lower in elevation than the central part of the field, were dominated by 
f- and g-type flows. The lithologies of the stratigraphic (and topographic) top of the 
field, on the northeast side of the Yellow Jacket Cienega and Greens Peak areas are 
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dominated by aphyric (h) lavas. However, depending on where in its lifecycle, a 
given the volcanic field is, observed lithologic trends may vary when compared to 
those identified in the SVF. A comparison of these field-wide trends to those found 
in individual geographic divisions, many of which correspond to temporal-
geographic event clusters as defined by Condit and Connor, 1996, is also instructive. 
For example, when comparing data in the stratigraphically highest Yellow Jacket 
Cienega (YJC) and Green’s Peak (GP) subdivisions to that of the rest of the field, 
several differences are discernable (Figure 3.9).  
 
Figure 3.9: Percentage of number of flows of each lithologic type. Percentages 
for the entire field shown as colored bars (colors correspond to lithologic 
type as in Figure 3.7) on left colors compared to the younger Yellow Jacket 
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Cienega (YJC) and Greens Peak (GP) subdivisions shown here in gray bars 
with diagonal pattern to the right 
 
 In the younger YJC and GP subdivisions, h-type lithology is by far the most 
abundant, which we suggest might be expected of a field at the end of its lifespan. 
Also prominent in these young areas, compared to the field as a whole, are “k” and 
“l” lithologies. As noted above, these “h”, “k” and “l” lithologies generally correspond 
to “evolved volcanic rocks” (as defined in the next section), and almost without 
exception they are the youngest rocks found in each temporal-vent cluster identified 
by Condit and Connor, 1996. Other trends, such as the greater extent of the “a” 
(olivine-pyroxene) lithology in the YJC and GP areas, may be a geographic specific 
trend, or a bias based on the area sampled not being representative of all the young 
flows in the field, which is indeed the case.  
3.3.2 Geochemical Trends 
 Basaltic volcanic fields in similar settings to the SVF are also likely to show 
distinct trends in geochemistry. In this analysis, we report chemistry from ~60% of 
the units (299 of the 501) < 2.25 Ma, encompassing 2026 km2 or ~90%, of the total 
2256 km2 of volcanic outcrop (Table 3.2). We update the chemical classification 
system of Condit, 1984, 1991 and Condit et al., 1999 by using that of Le Bas et al. 
(1986) and Le Maitre et al. (2002) and define our “evolved alkalic rocks” (EAR) as 
their classes: trachybasalt , basaltic-trachyandesite, and trachyandesites, dominated 
by Na types, made up of hawaiites, mugearites and benmorites, and potassic evolved 
rocks (K-trachybasalts, shoshonite and latites (Table 3.2 and Figure 3.11, see 
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Appendix E for the geochemical map of the field).  
Table 3.2: The total area (km2) of each geochemical type erupted during 0.25 Ma 
time intervals is shown in Table 3.2A.  Table 3.2B represents the percent of 
the total area represented by each geochemical class in a given time interval.  
The total number of units in each time period is summed towards the right 
side of the table.  The right three columns (in gray) sum Na-Evolved Alkalic 
Rocks (EAR) (hawaiite, mugearite and benmorite) and K-EAR (trachybasalt, 
shosonite and latite). 
 
We also break out a “transitional basalt” class that lies between the tholeiitic and 
alkali-olivine basalts (AOB) fields as shown in Figure 3.12, encompassing an area 
roughly parallel to the line that of Irvine and Baragar (1971) used to separate alkalic 
from subalkalic rocks. Overall, using areal extent as a proxy for volume, the largest 
geochemical class is tholeiites at ~24%, followed by transitional basalts at 23.7%, 
alkali-olivine basalts (AOBs) at 20.5% and hawaiites at ~13%, with lesser amounts 
of the rest of the more evolved classes diminishing from ~6% to less than 1% with 
increasing alkalinity (Figure 3.10).  
While not particularly robust, because of the small number of units in many 
Table 3.2A: Area (sq. km) by Chemical Type in Each Age Group and Number of Units (in green) <2.25 Ma in SVF. 
0.25 to <0.50 0.0 18.6 11.5 0.0 3.1 0.0 0.0 0.0 0.0 0.0 5 3.1 0.0 3.1
0.50 to <0.75 0.0 5.5 9.5 0.9 66.8 1.2 0.0 26.2 17.0 0.0 18 68.0 43.3 111.3
0.75 to <1.00 12.1 55.9 80.5 0.0 84.5 63.4 0.0 20.0 6.2 9.3 62 147.9 35.5 183.3
1.00 to <1.25 1.2 122.2 98.5 5.7 14.6 43.1 23.6 10.5 23.4 0.0 64 81.3 33.9 115.2
1.25 to <1.50 29.8 58.7 100.0 23.6 88.0 8.4 4.5 19.2 18.6 0.0 69 100.9 37.8 138.7
1.50 to <1.75 268.1 117.4 65.2 43.7 1.5 0.4 1.7 7.3 1.5 0.0 41 3.6 8.8 12.4
1.75 to <2.00 174.2 101.6 49.2 0.0 2.6 1.4 0.0 0.0 2.2 2.2 35 4.0 4.4 8.4
2.00 to <2.25 0.0 0.0 0.6 0.0 0.1 0.0 0.0 0.0 0.0 0.0 5 0.1 0.0 0.1
Total sq. km 485.2 479.9 414.9 73.9 261.3 117.8 29.8 83.3 68.9 11.5 408.9 163.6 572.6
# Units 14 82 90 6 39 27 6 18 15 2 299 72 35 107
Avg. Area 34.7 5.9 4.6 12.3 6.7 4.4 5 4.6 4.6 5.8 5.7 4.7 5.4
Table 3.2B: Percent of Area by Chemical Type in Each Age Group in SVF. Right three columns (in gray) sum percents of EAR classes as shown above.
0.25 to <0.50 0 0.9 0.6 0 0.2 0 0 0 0 0 0.15 0 0.2
0.50 to <0.75 0 0.3 0.5 0 3.3 0.1 0 1.3 0.8 0 3.36 2.13 5.5
0.75 to <1.00 0.6 2.8 4 0 4.2 3.1 0 1 0.3 0.5 7.3 1.75 9.1
1.00 to <1.25 0.1 6 4.9 0.3 0.7 2.1 1.2 0.5 1.2 0 4.01 1.67 5.7
1.25 to <1.50 1.5 2.9 4.9 1.2 4.3 0.4 0.2 0.9 0.9 0 4.98 1.87 6.8
1.50 to <1.75 13.2 5.8 3.2 2.2 0.1 0 0.1 0.4 0.1 0 0.18 0.43 0.6
1.75 to <2.00 8.6 5 2.4 0 0.1 0.1 0 0 0.1 0.1 0.2 0.22 0.4
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classes, there is little variation in flow area with respect to chemical class, which 
ranges between 4.4 and 6.7 km2 on average except for tholeiites (34.7 km2) and 
basanites (12.3 km2). Volume calculations were not attempted, because of the lack 
of good local topographic control (e.g. lidar) and not uncommonly, in excess of 700 
m relief over a few kilometers of flow length, made which made flow thickness 
measurements problematic. We note that many of the more evolved lavas exhibit 
thicker flow edges and rougher flow surfaces, and the benmorites of Wolf Mountain, 
unit Qek, and Pole Knoll, unit Qpk form an endogenous dome and a thick plug, 
respectively. 
 
Figure 3.10: The area of geochemical classes in the entire SVF. Note that the 
interpreted extent of unit QTsf (see text) would increase tholeiite by an 
additional 368 km2. 
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With the results for the new flows from the YJC area added, total area of lava 
erupted during the time period of each group follows the general trends noted by 
Condit et al. (1989) who documented large volumes of tholeiites erupted from 2.1 to 
1.75 Ma, large outputs of AOBs from 1.75 to 1 Ma, and increasingly alkalic lavas from 
1 to 0.3 Ma., as shown in Figure 3.11 (top), in which the percent of observed outcrop 
area per quarter-million-years is plotted by chemical type.  
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Figure 3.11A: Observed areal percent of lavas < 2.25 Ma in chemical classes 
through quarter million year time intervals. Percentages are out of total area 
of all units with chemistry (60% or 299 out of 494 units), encompassing 
~90% of total outcrop area for units < 2.25 Ma (2026/2256 km2).  
Figure 3.11B: Interpreted areal percent, with area of tholeiites increased by 
more than doubling the area of unit QTsf from 348 to 718 km2, see text for 
details. Tholeiites are shown in blue, transitional basalts in light green, alkali 
olivine basalts (AOBs) and basanites in dark green, and evolved volcanic 
products in purple.   
 
Included in these tholeiitic units is unit QTsf, of which 16 of the 17 analyses are 
hypersthene-normative, with 10 of them > 5% hypersthene. While we agree with 
Condit et. al. (1999) that the majority of tholeiites were indeed erupted between 2 
and 1.75 Ma, we suggest that the total area of QTsf, at a bare minimum should be 
doubled from these observed areal extents (adding an additional 368 km2), as 
discussed in section 3.1. This interpretation suggests a much larger initial effusion of 
tholeiitic magma, over what is essentially the first one-third of the eruptive life of 
the field (Figure 3.11B). 
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The subsequent time period, 1. 5 to 0.75 Ma, saw an abrupt decrease in 
tholeiitic effusion and an increase in EAR production, while maintaining a relatively 
constant volume of AOB and transitional magmas from 1.5 to 1.0 Ma. As the field 
progressed to more recent times, AOBs and transitional basalts diminish in volume 
and evolved alkalic lavas become the predominant type erupted (see Figure 3.11). 
At the end of their eruptive phase, comparable volcanic fields may show similar 
patterns in lithology as the SVF, with low volumes of more highly evolved volcanic 
products erupted late in the life of the field, or late in the life of localized clusters of 
activity (Condit and Connor, 1996).  Interestingly, this is in contrast to that 
examined by McGee et al., 2015 in the Auckland Volcanic Field (AVF), in which they 
studied three paired AVF events that they suggest may typify the “most primitive 
samples” of the field and found they “all begin with the eruption of a small-volume 
alkalic composition[s] that is relatively enriched in light rare earth elements 
(LREEs) and incompatible elements, followed by a larger volume, alkalic basalt 
(subalkalic in the case of Rangitoto 2), which is less enriched in LREEs and 
incompatible elements”. Although in the SVF, when considering the entire range of 
compositions in the field, evolved alkalic rocks do occur early and late in both field-
wide, and in local geographic subdivisions, the overall trend toward late stage EAR 
eruptive products, as seen in Figure 3.11 is clear, in contrast to that found in the AVF 
where McGee et al., 2015 found “that the extremes of the [primitive] trends are 
compositions from the most recent eruptions in the AVF show[ing] that there is no 
progressive temporal link with eruptive volume or composition of the erupted 
basalts in the field”. Perhaps this is the result of the AVF’s more complicated tectonic 
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setting, differing mantle sources, a smaller sample size (only 3 paired eruptions 
considered of the 50 total eruptive centers versus 501 units in the SVF) or selective 
sampling of primitive compositions in the AVF as opposed to the entire range of 
compositions sampled in the SVF, not limited to primitive rocks. 
3.3.3 Comparing Geochemistry to Petrography 
A detailed comparison between these lithologic types was carried out in this 
study from a representative suite in the western part of the SVF by Condit 1991 with 
additional data supplied from mapping by L. Crumpler (central SVF), J. Aubele 
(eastern SVF) included in Condit et al. (1999), to which we added data from J. 
Cooper (1991), and T. Smith (2011) and M. Mnich (2013), the latter two who 
mapped the south-central part of the field under the direction of Condit.  Although 
there is wide scatter in the data, there is a consistent relation between the average 
chemistry and lithologic class, showing increasing SiO2 and alkalis going from mafic 
(a-type, or olivine-pyroxene phyric) to felsic (l-type or plagioclase phyric) 
lithologies (Figure 3.12). A typical early lithology (f- and g-types) with diktytaxitic 
affinities would likely have tholeiitic to transitional chemistries and larger volumes, 
whereas a “middle life” flow would have a “c” or “d” (olivine phyric) lithologies and 
AOB chemistry. Later stage flows would more typically be aphyric (h), to in some 
cases, hornblende (k- type) bearing lavas, of EAR chemistry. 
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Figure 3.12: Geochemical data for each lithologic type (a-l) in the Springerville 
Volcanic Field plotted into fields of Le Bas et al. (1986).  Star depicts average 
composition. Plot shows data of one representative analysis from each of the 
304 (of 501) total units with chemistry, encompassing 86% of the total 
outcrop area. Note that in this figure, there is no distinction made between 
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sodic and potassic alkalic rocks and we instead lump them all into the 
categories of trachy-basalt, basaltic-trachy-andesite and trachy-andesite. In 
the undifferentiated “basalt” field of Le Bas et al., following Condit et al., 
1989, we break out a “transitional basalt” field that follows the line of Irvine 
& Baragar (1971) between an alkali olivine basalt field in the upper left side, 
and tholeiite in the lower right side of the field. 
 
3.4 Discussion 
3.4.1 How Good are the Data? 
The most reliable stratigraphic relations are based on unequivocal overlying and 
underlying flows, which provides definitive data on which to base relative ages. We 
include these relations on the map, where they can be observed in the field, with 
“y/o” symbols, designating a direct "younger/older" relationship. The most 
definitive stratigraphy comes from young flows with little or no soil or vegetative 
cover or those with a distinctive lithologic or morphologic character, because their 
unique nature allows for easy separation from other units. Since not all 
overlying/underlying relationships are exposed, sometimes more imprecise 
methods must be used. Once mapping is complete, flow geometry can be used to 
help evaluate stratigraphy. For example, in the Morgan Mountain geographic 
subdivision (Figure 3.4), in the west-central part of the SVF, unit Qmb6 (shown in 
blue) flowed over and segmented the older unit Qmg (brown).  Qme (green) clearly 
overlies areas Qmb6 suggesting its younger age, which is confirmed by a K-Ar age of 
1.01 ± 0.02 Ma for Qmb6 and 0.49 Ma on unit Qme, as well as their reversed and 
normal magnetic polarities, respectively.  Qme also appears to segment outcrops of 
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Qmb5, suggesting that Qme also overlays Qmb5 (blue), and is thus younger.  These 
relationships can all be seen in the correlation chart (Figure 3.6). 
One of the limiting factors with respect to the timing of volcanism in the 
Springerville is the reliance on older K-Ar for absolute dating of units: of the 46 
radiometric analyses, only 4 are 40Ar/39Ar, from south-central part of the field;  the 
rest are K-Ar . Numerous workers have suggested the mantle source rocks in this 
region may contain excess Ar, resulting in anomalously old ages for many K-Ar 
analyses (Conway et al., 1997, 1998; Kelley, 2002; Duffield et al., 2006; Hanson, 
2008; Fenton and Niedermann, 2014). The temporal placement of units within the 
paleomagnetic time scale has been updated in the south-central part of the field 
from that previously used by Condit and co-workers in the SVF, that of Mankinen 
and Dalrymple (1979) to the Geomagnetic Instability Time Scale of Singer (2016), 
further tightening temporal placement of units in the recently mapped areas. We 
suggest adding new unit magnetic polarity data, concentrating on areas in the 
central and eastern SVF, where paleomagnetic sampling was sparser, would aid in 
unit selections for future for 40Ar/39Ar dating experiments to further refine 
temporal constraints. 
Numerous locally applicable characteristics have been found to be useful in 
distinguishing age relations in the SVF. For example, where two flows in question 
are in contact along a drainage divide, in general the older flow crosses the drainage. 
Relative degrees of weathering, to both the surface and to the freshly broken 
interior of flows, can be compared locally, however, we have noted that different 
lithologies weather differently. This is especially true in the SVF, where rainfall 
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along the Mogollon Rim in the southern part of the field is much higher than that in 
the northern part of the field, where the differences in vegetation change from 
spruce and Ponderosa pine to pinon, juniper and finally grassland towards the 
Colorado Plateau interior. Another characteristic is soil zone development where 
the amount of time between subsequent flows is directly related to soil zone 
development either on the top of, or between flows.  
Within the SVF we were forced to classify ~14% of the mapped lava flow 
units (56 of 409), as composite units, that is, probably eruptive products of more 
than one vent, possibly petrogenetically unrelated. Many of these units were so 
classified because of their lithologic variability, in which no systematic pattern could 
be discerned. In some instances, vegetative and soil cover, poor outcrop quality, or 
simply time constraints, forced us to call them composite flow units; some of these 
could possibly be further subdivided, not given these constrains. Many of the 
composite units were mapped before the advent of handheld GPS units and could 
possibly be further subdivided now. Including or mixing composite units with other 
units that represent distinct “magmatic moments” clearly complicates stratigraphic 
relations and would, in an ideal world best be avoided.   
Ideally a unit has similar lithology and chemistry throughout but local 
variability within flows is not uncommon. Decisions need to be made as to whether 
it is true within flow variability or if the unit must be called composite. If a flow 
varies in a logical manner with a trend that can be followed, it can be called one 
variable unit. For example, unit Qgb2 (see supplemental information) in the 
southwestern part of the Greens Peak geographic area grades from an olivine rich 
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(b-type) picritic flow near the vent to a sparse olivine (d-type) lithology at the distal 
end with increasingly sparse olivine abundance with distance from the vent.  
Some units are distinctive and are easily separated from the flows around 
them. In some cases, other units have a non-distinctive lithology and that, with or 
without other factors such as lack of flow fronts or vegetation cover, prohibit units 
from being broken apart and the unit must be called a composite unit. For example, 
unit Qya2 (see supplemental information) is a fine-grained olivine pyroxene flow 
that underlies several flows within the YJC area. Its large, segmented outcrop 
pattern makes it likely that it is a composite unit, comprised several discrete 
magmatic events. However, the combination of local variability and small-sized 
phenocrysts makes it indistinguishable from one area to another, as does the 
reversed magnetic polarity from two of three sites, with the third site giving an 
indeterminate polarity signal.  Attaining more geochemical samples may aid in 
solving this problem; two of the three available are similar, leading us to the 
interpretation this is a composite unit made up of lavas from more than one 
magmatic event.   
While the methods presented here aim to typify an entire flow, workers in 
other fields with more extensive geochemical sampling have suggested within unit 
variability due to various petrogenetic processes (e.g. McGee et al, 2013; Nemeth 
and Kereszturi, 2015, and references therein), a possibility we have not been able to 
assess, given the lack of such detailed geochemistry and our acquisition of 
geochemistry from numerous labs over many years.  The SVF is an ideal place to 
study this idea further to broaden understanding of the petrogenesis of these small 
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magma batches.  Including dense rock equivalents for the units with pyroclastic 
material would provide more information on the volumes of these magma batches.  
The use of airborne LiDAR, which currently does not exist for the SVF, would also 
aid in volume estimation of each flow and possibly even in distinguishing units.  The 
methodology presented here focuses only on classification of mafic, basaltic lavas 
but in other fields, the nomenclature could be expanded to include more felsic 
mineralogy, such as potassium feldspar.  Similarly, the naming convention could 
also include a geochemical identifier indicating the volcanic rock type (i.e. basalt, 
andesite, rhyolite, etc.), much like has been done for the lavas of the Snake River 
Group in Idaho (Kuntz et al., 2007). In the Springerville field, workers included a 
geochemical thematic map (Condit et al., 1999, and see maps in supplemental 
documents to this article) but didn’t base unit nomenclature on the seven chemical 
classes depicted on that map. 
3.4.2 Using the SVF Petrogenetic and Hazard Patterns as an Analog  
Continental volcanic fields have long recurrence rates, such as the SVF, which 
averaged one eruption every 6000 years. In such fields, the time between eruptions 
is too long to allow us to compile “real time” maps as has been done, for example, for 
the probably plume derived Pu’u O’o volcanic vent in Hawaii where eruptions occur 
frequently, on time scales of months to years, and were mapped real-time as the 
magmas cooled (G. Ulrich, personal communication). Even relatively crude data, by 
comparison to those that can be compiled in more active environments, can yield 
significant results. For example, Condit and Connor (1996) determined that 
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recurrence rates are not always constant throughout the lifespan of the field but 
vary both spatially and temporally. They noted areas of waxing and waning 
volcanism changing throughout time and varying in intensity spatially, with locally 
increased eruptive pulses. 
Although the eruptive history of most volcanic fields is incompletely 
documented, the detailed mapping of the SVF provides a relatively complete 
characterization of this continental field through time. It is likely that not every 
aspect of the field was captured, as vents can be destroyed in the process of eruption 
or units can be covered by subsequent flows, alluvial cover or vegetation, however, 
it is arguably one of the most complete datasets from a continental field, and thus 
may be a valuable resource as an analog for studying other fields as well as for 
hazard assessment. Many large population centers, such as Auckland, New Zealand, 
Mexico City and surroundings and areas of Germany, lie within close proximity to 
active continental volcanic fields (e.g. McGee et al., 2015; Siebert et al., 2002; 
Schmincke et al., 1983, respectively). Understanding the nature of these fields is 
critical to protect these populations. The SVF data has shown that the field does 
follow a distinct eruptive pattern throughout time. One striking feature is the 
apparent clusters of eruptions (Condit and Connor, 1996). These clusters are 
concentrated geographic areas where several eruptions occurred in a relatively 
brief amount of time. Clusters appear to behave as the field as a whole does, 
exhibiting general west-to-east movement in the locus of volcanism. Also, in terms 
of geochemistry, flows become increasingly alkalic as time progresses, again both in 
general and within clusters. Spatially, eruptions within the SVF are not randomly 
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distributed; a new eruption is likely to occur near where a previous eruption 
occurred, a feature also indicated by the clustered nature of the field (Condit and 
Connor, 1996). A tholeiitic eruption probably indicates the beginning of a cluster 
and implies that subsequent events of increasingly alkalic lower-volume and 
perhaps, as suggested by McGee et al. (2015) and Nemeth et al. (2003), more 
explosive eruptions, are likely to occur within the near vicinity. Clusters wane with 
the eruption of evolved, alkalic products, suggesting that a new spatially distinct 
cluster will be the future site of eruption.  
3.5 Conclusions 
 The style of mapping and completed dataset used in the SVF now represents 
a robust resource with which to compare the characteristics seen from mapping of 
monogenetic fields. The 1.8 Ma eruptive lifespan of the SVF is documented in its 
entirety by means of the characterization of its 501 eruptive units, allowing the 
patterns of eruptive products to be used for comparisons and predictive purposes. 
 Magmatic mapping offers a standardized approach to capture all the detail 
possibly preserved in a volcanic field, and is largely based around differentiating 
and describing distinct units. Spatial organization is a critical first step in this effort 
and the methods detailed above provide two naming conventions, one informal and 
one a finalized name, for easily expressing location for a unit. Other critical 
components include identifying and describing units while mapping their extents, 
sources and variability (all recorded in a unit description). Having stratigraphic 
control and absolute dates is imperative to placing units in a temporal framework 
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and paleomagnetic data is likewise very useful. Most reliable data come from 
distinctive flows that are well exposed and display obvious stratigraphic 
relationships with surrounding units. Since data in other fields are often much more 
limited than this ideal case, the SVF can serve as a useful guide to interpreting and 
studying similar monogenetic fields. 
 Large volume diktytaxitic (up to at least 718 km2) composite units 
characterize the early lavas of the SVF. These flows erupted predominately before 
1.5 Ma, and in the western part of the field are composed of at least two cooling 
units erupted before and after the Oldvai normal magnetic subchron. Eruptions of 
moderate volume units (5.3-3.4 km2) of olivine-bearing lithologic classes (b, c- and 
d- types) dominate the mid-life of the field and are its most abundant flow type, 
comprising nearly 45% of the total outcrop area and the bulk of its units (244). As 
time progressed, more chemically evolved lithologies (such as the aphyric h-type, 
hornblende bearing k-type or the feldspathic l-type) become much more prominent 
in smaller volume, late-stage eruptive products. These late products become 
increasingly alkalic as volcanic activity wanes, both field-wide and in any active vent 
cluster.  This information has significant implications for hazards in predicting the 
location and explosively of a future eruption.  Tholeiitic eruptive products suggest 
an eruptive cluster (and field) is early in its lifespan, and its hazards primarily come 
from voluminous lower viscosity flows.  Subsequent eruptions will likely be lower-
volume, and occur in close proximity. Later stage alkalic eruptions in any cluster 
may be more explosive and suggest waning activity within a cluster. Although the 
SVF cannot be studied in real time, data from magmatic mapping has proven to be 
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successful in obtaining these sorts of details, which can serve as a framework for 
mapping and understanding continental and planetary volcanic fields 
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CHAPTER 4 
MAGMATIC MAPPING CONSTRAINTS ON THE PETROGENETIC PROCESSES IN 
THE SPRINGERVILLE VOLCANIC FIELD 
4.1 Introduction 
 
 The Springerville Volcanic Field (SVF) is one of many late Pliocene to 
Holocene volcanic fields along the margin of the Colorado Plateau.  Overlying the 
lithospheric transition zone between the Colorado Plateau and the Basin and Range 
province, it’s 3000 km2 expanse is comprised of 501 distinct volcanic units that 
produced basaltic flows between approximately 2.1 and 0.3 Ma (Condit et al., 1989 
and 1999; Condit and Connor, 1996; Mnich and Condit, 2018).  Unlike other fields 
surrounding the Plateau margin, the SVF is unique in the fact that is does not 
contain a large silicic center of volcanism and eruptions occurred largely from the 
fields ~450 cinder cones (Condit and Morrison, 1991; Baldridge, 2004).  Other 
volcanic features include five maar craters, four fissure vents and two shield 
volcanoes, Blue Ridge Mountain and Coyote Hills (Condit and Connor, 1996).  These 
vents do not appear to be located randomly, but instead, occur in distinct clusters.  
Connor et al. (1992) were able to identify seven vent clusters using a cluster 
analysis algorithm.  Older trachyitic lavas ranging in age from 9-7 Ma from Mount 
Baldy, a shield volcano to the south, underlie the lavas of the SVF (Condit et al., 
1989).  A few additional flows erupted between the Mount Baldy eruptions and the 
main eruptive events in the SVF that flank the edge of the field.  In the northern 
extent, a 5.311.1Ma tholeiitic flow covers an area of 50km2.  There are also flows 
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dating from 7.60.4 Ma to 2.940.14 Ma at the edges of the field that range in 
composition from tholeiite to hawaiite (Condit and Connor, 1996). 
Approximately 2280 km2 (85%) of the SVF was mapped by Condit, Crumpler 
and Aubele between 1978 and 1982, with the mapping completed by Mnich and 
Condit in 2010 and 2011.  This completed dataset is essential to the petrogenetic 
understanding of continental monogenetic volcanic fields as they have long 
recurrence rates between eruptions making their evolution difficult to study in real 
time.  The detailed mapping combined with stratigraphic data and 565 geochemical 
samples, collected and correlated to each of the 501 units, creates a unique 
opportunity to study the origin and evolution of SVF magmas.  These methods using, 
termed magmatic mapping, have been discussed in detail by Mnich and Condit 
(2018) and focus on distinguishing and characterizing individual magmatic events.  
Results indicate varying lithologies of the eruptive products with olivine phyric, 
diktytaxic and olivine-plagioclase basalts the most abundant, especially in older 
units.  Younger units tend to be more evolved lithologies such as aphyric, 
hornblende bearing or feldspathic basalts and are generally in smaller volumes.  In 
terms of basalt geochemistry, roughly, ¼ of all areal extent of mapped flows are 
tholeiitic basalts, followed in areal extent by transitional basalts, alkali olivine 
basalts (AOBs), and the more evolved alkalic geochemical classes (including trachy-
basalts, basaltic-trachy-andesite, trachy-andesite, hawaiite, mugerite and 
benmorites) and basanites.  There is a distinct trend through time with early 
eruptions from 2-1.5 Ma dominated by tholeiitic basalts, an intermediate eruptive 
period from 1.5-1 Ma with increasing amounts of AOBs, transitional basalts and 
 91 
evolved alkalic rocks, and late stage volcanism (1-0.3 Ma) dominated by evolved 
alkalic rocks (Mnich and Condit, 2018).  These data point to an important trend of 
large-volume, tholeiitic eruptions early on in the lifespan of the SVF, progressively 
becoming smaller, more evolved and alkalic over time, a trend seen in the field as a 
whole and in individual vent clusters.  The intent of this paper is to lay out a 
petrogenetic model for the SVF that accounts for the temporal trends seen in the 
field to better understand how monogenetic volcanic fields form and their evolution 
through time, focusing on the mantle sources for these rocks. 
4.1.1 Melting under the Colorado Plateau 
  
 The Colorado Plateau is an area of anomalously thick lithosphere, up to 120-
150 km.  The SVF overlies the lithospheric transition zone where the thick plateau 
lithosphere thins to ~60-80 km in the Basin and Range province to the south and 
west (Sine et al. 2008; Levander et al., 2011). The lithospheric mantle of the 
Colorado Plateau is presumed to be fairly depleted (Lee et al., 2001; Condie et al., 
2004; Li et al., 2008) but more fertile than harzburgite (Rudzitis et al., 2016).  
Shallow subduction of the Farallon plate during the Laramide (40-80 Ma) may have 
metasomatized the Colorado Plateau lithosphere or introduced sediments or 
metabasalts at the lithospheric base (Elkins-Tanton, 2007), though Reid et al. 
(2012) have concluded that subducted sediments either foundered during the 
Laramide or simply do not contribute to the lavas of the Colorado Plateau.  Melting 
in the Colorado Plateau has been proposed to occur by several mechanisms.  
Temperatures of generation for Colorado Plateau basalts are hotter than mid-ocean 
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ridge basalts.  These high temperatures are possibly due to the insulating effect of 
the thickened lithosphere (Lenardic et al., 2005) or return flow in the mantle related 
to the past subduction of the Farallon plate (Moucha et al., 2008).  Thermal 
relaxation of lithosphere altered by fluids or sediment/metabasalt next to a warmer 
asthenosphere would promote melting (e.g. Roy et al., 2009; van Wijk et al., 2010). A 
fluid or sediment rich mantle domain would facilitate edge-driven convection 
(Ballmer et al., 2015), a mechanism that is invoked for much of the Colorado Plateau 
melting (Reid et al., 2012).   Downwelling of a refertilized, hydrated lithosphere and 
subsequent return flow of the asthenosphere could play a role in generating melts 
(e.g. Elkins-Tanton, 2007; Levander et al., 2011; van Wijk et al., 2010). The margins 
of the Colorado Plateau are characterized by slow P- and S-wave velocities to depths 
of around 200 km which may suggest asthenospheric melts infiltrated the 
lithospheric mantle or low-viscosity, hydrous pockets (Sine et al., 2008; Levander et 
al., 2011; Crow et al., 2011; Ballmer et al., 2015).   
 
4.1.2 Mantle Heterogeneity and Isotopic Reservoirs 
 
 Global mantle heterogeneity has long been studied and has been argued to 
occur at scales anywhere from centimeter-sized to over 1000 kilometers.  Zindler 
and Hart (1986) first proposed distinct mantle reservoirs on the basis of strontium, 
neodymium and lead isotopic rations of oceanic basalts.  These reservoirs have 
distinct isotopic and incompatible trace element signatures that make them unique 
and identifiable.  They include bulk silicate Earth (BSE), depleted mid-ocean ridge 
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basalt mantle (DMM), prevalent mantle (PREMA), a high U/Pb reservoir (HIMU) and 
well as two enriched mantle reservoirs (EMI and EMII).  The BSE reservoir may 
represent the primitive, undifferentiated segment of the silicate Earth formed 
during accretion; it is questioned to have survived to the present day.  Evidence for 
its persistence to present times includes basalts with Nd isotopic ratios similar to 
chondrites, as well as basalts with 3He/4He rations that are substantially higher than 
atmospheric values.  The BSE reservoir lies along the mixing line between the DMM 
and EMII reservoirs.  Presumed to be the source of depleted mid-ocean ridge basalts 
(N-MORB), the DMM mantle reservoir is characterized by low 87Sr/86Sr and high 
143Nd/144Nd ratios.  The PREMA reservoir has isotopic signatures that fall between 
the BSE, DMM, HIMU and enriched (EMI and EMII) reservoirs.  It is unclear whether 
PREMA represents a mixture of all these components or is a distinct reservoir.  
PREMA has 87Sr/86Sr ratios of approximately 0.7033, 144Nd/143Nd ratios less than 
0.5128, 206Pb/204Pb of 18.2-18.5 and 207Pb/204Pb of 15.4-15.5.  Enriched in uranium, 
the HIMU reservoir is ubiquitous in the mantle.  Its uranium trends are not matched 
by a similar increase in Rb/Sr, giving HIMU derived rocks a low 87Sr/86Sr ratio.  Low 
radiogenic Sr suggests that the HIMU source may have evolved from DMM (Zindler 
and Hart, 1986).  Enrichment trends seen in the EMI and EMII components are likely 
due to a crustal or sediment input.  This creates enriched mantle rocks signature 
low 206Pb/204Pb and 87Sr/86Sr ratios while having high 207Pb/204Pb and 208Pb/204Pb 
ratios (Hoffmann, 1988).  EMII is characterized by higher 87Sr/86Sr ratios, higher 
radiogenic lead and often slightly higher 143Nd/144Nd than EMI (Zindler and Hart, 
1986). 
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 Areas of extensional tectonics provide an excellent opportunity to study 
mantle contributions to continental volcanism provided there is no excessive crustal 
contamination.  Approximately 50 samples from the SVF have isotopic data, which 
were used to study mantle reservoirs previously by Cooper and Hart (1990).  It was 
found that the lavas of the SVF exhibit an inverse correlation between 87Sr/86Sr and 
143Nd/144Nd ratios, which correlates with, or extends to more enriched 
compositions beyond the mantle array.  This requires some form of mixing between 
at least two distinct isotopic reservoirs.  Mixing of a component similar to PREMA 
with either EMII or a crustal component could account for the trend.  The possibility 
of mixing is also seen within the Pb-Pb isotopes, which exhibit a linear array.  Both 
the 206Pb/204Pb and 207Pb/204Pb ratios show positive correlations along a trend 
between a nonradiogenic end-member similar to EMI or a crustal component and a 
radiogenic component like that of HIMU (Cooper and Hart, 1990).   
Cooper and Hart suggest that all isotopic systems indicate at least two 
component mixing but also suggest the addition of at least one additional 
component.  They define a depleted reservoir, M1, similar to a PREMA component, 
an enriched component, M2, similar to an EMI reservoir, and an M3 reservoir 
trending towards HIMU. The tholeiitic lavas of the SVF show a wide range of trace 
elements that do not correlate with isotopes, which suggests that, either an enriched 
mantle source or crustal contamination of an M2 component.  It is also possible that 
M2 represents a crustal reservoir that contaminates the mixing array of M1 and M3, 
resulting in transitional basalts.  However, in this case, tholeiitic lavas would also be 
produced by mixing of M1 and M3 but with contamination of another distinct 
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crustal component.  The M1 (PREMA) reservoir corresponds in composition with 
the evolved alkalic basalts and is believed to represent an asthenospheric mantle 
source.  Residing at shallower depths, the M2 reservoir likely represents 
lithospheric mantle as evidenced by chemical and isotopic data from xenoliths and 
other extrusive rocks (Cooper and Hart, 1990). 
4.2 Methods 
4.2.1 Determining source rocks 
 
 Different lherzolite sources were tested using the melting model of Norman 
and Garcia (1999).  By using this model, the value of trace and rare earth elements 
can be calculated for varying degrees of partial melting of a garnet lherzolite by 
calculating values based on the bulk diffusion coefficient for each element within the 
source rock.  The melting model must be compared to primitive magmas that have 
not undergone fractional crystallization.  Primary magmas were inferred by adding 
back olivine to mafic samples until an assumed normal mantle composition of an 
Mg# = 0.9 was achieved.  This process depends on olivine being the only 
fractionating phase, which is corrected for by using only samples with over 8.5 wt % 
MgO and testing them using pMELTs (Ghiorso et al., 2002), a high-pressure version 
of the program MELTs.  MELTs (Ghiorso and Sack, 1995; Asimow 1998) works to 
minimize Gibbs Free Energy to see which phases are stable at a given pressure and 
temperature.  The program was run using the Ni-NiO oxygen buffer, which is often 
used for modeling continental basalts like the SVF.  Trials were also run using the 
QFM buffer but results did not vary greatly from those using the Ni-NiO buffer so the 
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Ni-NiO buffer was used exclusively for the results.  To see which phases would first 
crystallize and fractionate out, the option to fraction solids was selected.   
 Because potassium and titanium behave incompatibly in olivine, the ratio of 
the concentrations of those elements in the calculated primary magma to that in the 
actual sample chemistry was calculated.  That ratio was used to then determine the 
hypothetical concentrations of the other trace elements in the primary magma.  
Nine samples (units Qde, Qgj2, Qug, Trc2, Qkc6, Qdj1, Qpc8, Qcb3, Qdj1, Qpc8, Qcb3 
and Qla3) had MgO > 8.5 wt % that were determined to be on an olivine- controlled 
trend had sufficient trace element data to be used in the melting model.  Samples 
with accumulated olivine were excluded. 
4.2.2 Thermobarometry 
 
 Based on major element analysis, the pressure and temperature of melting 
for the SVF samples was estimated using a technique based on silica activity that 
was derived by Lee et al. (2009).  Silica is buffered at a specific temperature and 
pressure by the mineral assemblage of the system, which makes it more useful as a 
thermobarometer.  For a typical ultramafic mantle, the SiO2 activity related largely 
to the reaction: 
 Mg2SiO4Ol+SiO2melt=Mg2Si2O6opx.  
Therefore, the equilibrium constant for a given temperature and pressure is: 
K(T,P)=aMg2Si2O6opx/aMg2SiO4Ol+aSiO2.   
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Over the range of normal mantle compositions, the Mg/Mg+Fe ratios are fairly 
similar for olivine and orthopyroxene so this equation can be simplified to 
K≈1/aSiO2melt, indicating that silica activity is buffered by the temperature and 
pressure over a range of compositions (Lee et al., 2009). 
 The chemical composition of the magma is expressed in terms of mol % of 
molecular species rather than wt % of metal oxides to allow better insight into the 
effects of the molecular species that have that have lower molecular weights than 
metal oxides.  The silica activity is then approximated by the “silica index” which can 
be calculated as: 
Si4O8=0.25(SiO2-0.5(FeO+MgO+CaO)-Na2O-K2O).   
 
Subsequently, the temperature can be determined using the following equation: 
 
T(C)=916.45+13.68(Mg3Si2O8)+(4580/Si4O8)-0.509(H16O8)(Mg4Si2O8).   
The temperature (in degrees Kelvin), can be substituted into the experimentally 
derived equation for pressure:  
P(GPa)=(ln(Si4O8)-4.019+0.0165(Fe4Si2O8)+0.005(Ca4Si2O8))/(-770T-1+0.0058T1/2-
0.003(H16O8))  
where Si4O8, Fe4Si2O8, Ca4Si2O8 and H16O8 are the mol% of these species in the liquid.  
To successfully utilize these equations, knowledge of the primary magma 
composition (the composition of the magma when it was last in equilibrium with the 
mantle) is necessary.  The primary magma must be inferred by reversing the 
fractionation process as detailed previously in section 4.2.1 Of the SVF samples, 116 
were presumed to be on an olivine-controlled trend and were run in the excel 
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spreadsheet developed by Lee et al. (2009) to calculate pressure and temperature of 
melting.  The spreadsheet first calculates a primary magma by adding back olivine 
until the composition reaches an Mg# of 0.9, which is presumed to be typical mantle 
composition.  Then these primary compositions are input into the aforementioned 
equations and solved for temperature and pressure. 
4.2.3 Choosing a representative suite of samples 
  
The SVF is characterized by major element geochemical data for 565 
samples.  While many of the volcanic units are characterized by at least one sample, 
some do not have any.  Many units have more than one sample with geochemical 
analysis.  To avoid bias in the interpretation of the dataset by having multiple 
samples from the same unit, a representative sample was chosen for each unit.  This 
representative suite of samples was chosen based on several qualifications, the first, 
and arguably the most important, is the consistency of the geochemical data with 
the other samples from the unit.  Composite units or units whose boundaries are not 
clearly defined perhaps contain samples that show different chemistry that the rest 
of the unit and should not be considered representative.  If this does not narrow 
down a representative sample sufficiently, location of the sample within the unit 
also plays a role.  Samples that are definitely located within the unit are preferred 
over those on boundaries, further from the vent or from isolated kipukas, for 
example.  If there are multiple samples from the same unit that can’t be 
distinguished by any of the previously mentioned criteria, the availability of other 
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geochemical data, including trace element data and isotopic data, is used to choose a 
representative sample. 
 
4.3 Results 
 
 Based on the representative suite of samples and the total-alkali versus silica 
(TAS) diagram of Le Maitre [1989-based on Le Bas et al. (1986)] (Figure 4.1) the 
samples from the SVF predominately plot in the basalt field though there are several 
more evolved samples.  Within the basalt field, samples range from tholeiites to 
transitional basalts and alkali olivine basalts (AOBs).  A few samples are low SiO2 
basanites.  The more evolved alkalic rocks (EAR) fall both within the sodic and 
potassic geochemical classes, including trachy-basalts, hawaiites, basaltic-trachy-
andesites, mugerites, trachy-andesites and benmorites.   
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Figure 4.1: The TAS diagram (Le Maitre et al., 1989) diagram for the 
representative suite of samples in the SVF.  
 
4.3.1 Identifying Primary Magma Sources  
 
 A goal of this paper is to access the derivation of magmas in relation to the 
source region.  To better understand the source of these lavas, only primary 
magmas should be studied to avoid the effects of post-magmatic alteration and 
fractional crystallization.   An examination of the chemistry of the EARs suggest the 
majority cannot be primary because their major element signature clearly 
demonstrates late-stage fractional crystallization. In order to assess the effects of 
fractional crystallization on the SVF samples, relations between MgO, CaO/Al2O3 and 
Sc were evaluated (Figure 4.2A-B).  MgO in a melt is sensitive to removal of olivine, 
clinopyroxene and orthopyroxene in a melt.  Melt CaO and Sc are affected by 
fractionation of clinopyroxene.  The relationships suggest that both olivine and 
clinopyroxene fractionation may be playing a role in the petrogenesis of these lavas.  
Because several analyses in this require the calculation of primary magmas by 
adding back olivine to a presumed mantle composition, thus only having olivine as a 
fractionating phase, samples with over 8.5 wt % MgO were chosen for these 
analyses as they appear to be relatively unaffected by fractional crystallization of 
clinopyroxene.   
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Figure 4.2A: Plot of CaO/Al2O3 versus wt % MgO for all the samples in the SVF.  
The arrows indicate the fractionation trends of olivine (L-Ol) and both 
olivine and clinopyroxene (L-Ol-Cpx).  The vertical line represents 8.5 wt % 
MgO, which was chosen as the cutoff for subsequent analyses that require 
having only olivine as a fractionating phase. 
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4.2. Mineral Composition
Variation in (a) Na2O+ K2OversusSiO2, (b) TiO2 versusMgO, (c) Ca/Al versusMgO,and (d) Sc versusMgOfor the
Longhai basalts. The red circles and purple squares represent the high-Ti basalts and the low-Ti basalts of the Longhai
eld,which have been analyzed in thisstudy.Published data for Niutoushan, the mantle xenolith-enriched basaltic
rocks, are shown for comparison, including xenolith-rich, high-Ti basalts (red open triangles), and xenolith-free, low-Ti
basalts (purple open triangles) [Zou et al., 2000, 2004]. The fractionation of olivine and clinopyroxene (green lines) was
calculated by using the“Petrolog 3” software [Danyushevsky and Plechov
(11FJ01) asthe liquid starting composition. Data for the Cenozoic alkaline basalts from Jieyang, Guangdong province (gray
Huang et al.[2013].
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Figure 4.2B: Plot of Sc versus wt% MgO for all the samples with Sc data in the 
SVF.  The arrows indicate the fractionation trends of olivine (L-Ol) and both 
olivine and clinopyroxene (L-Ol-Cpx).  The vertical line represents 9 wt % 
MgO, which was chosen as the cutoff for subsequent analyses that require 
having only olivine as a fractionating phase. 
 
4.3.2 Thermobarometry Results 
 
 Of the 116 samples whose inferred primary magma compositions were used 
to calculate pressures and temperatures using the thermobarometric techniques of 
Lee et al. (2009), calculated temperatures are fairly high ranging from 1420°C to 
1600°C  with nearly 50% of all samples falling within the 1500°C to 1550°C range.  
Pressure calculations fall between 2.2 and 4.7 GPa, which corresponds to depths 
from approximately 75 to 150 km.  These depths correspond to regions at and 
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below the lithosphere-asthenosphere boundary.  The spinel-garnet transition is 
inferred to occur at pressures of 2.7-3 GPa, suggesting some samples may be in a 
spinel-bearing source region (Robinson and Wood, 1998), though the majority likely 
originate from the garnet stability field. Results are fairly consistent with previous 
estimates for Colorado Plateau melt equilibration of 1400-1500°C and up to 3.5 GPa 
(Lee et al., 2009; Reid et al., 2012). 
 When these thermobarometric results are considered by geochemical class, 
distinct trends are noticeable.  Basanites are generated from the highest pressures 
and temperatures, followed by AOBs, transitional basalts and trachy-basalts.  Note 
that there are no data plotted for basaltic-trachy-andesites, mugerites, trachy-
andesites and benmorites) because they are too evolved to meet the criteria for the 
Lee et al. (2009) thermobarometric calculations.  In this case, the only samples 
noted as evolved alkalic rocks (EARs) are trachy-basalts and hawaiites.  Because 
transitional basalts span a significant range of temperatures and pressures, two 
plots were made showing the thermobarometric results for the representative 
suites of samples, one that includes the transitional basalts (Figure 4.3A) and one 
that does not (Figure 4.3B).  From these two diagrams, the basanites are restricted 
to the high end of the temperature and pressure calculations.  The AOBs span a large 
range but do extend up to the highest temperatures and pressures.  The EARs and 
tholeiitic samples show very similar pressure and temperature and fall at the lower 
extent of the total range in the field, though the trachy-basalts tend to be generated 
from slightly higher pressures. 
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Table 4.1: Compiled results of the pressure calculations using the methods of 
Lee et al. (2009) for each geochemical class with samples over 8.5 wt % MgO 
determined to be on an olivine fractionation trend and are thereby suitable 
for these thermobarometry methods.  Within each geochemical group, the 
average for all calculation, the standard deviation, the minimum/maximum 
pressure and the total number of samples that were used for each class are 
shown in Table 4.1.   
 
Geochemical 
Class 
Average 
Pressure 
(GPa) 
Standard 
Deviation 
Minimum 
Pressure 
(GPa) 
Maximum 
Pressure 
(GPa) 
Number 
of 
Samples 
AOB 3.38 0.57 2.15 4.39 32 
Basanite 4.22 0.39 3.72 4.67 4 
EAR 2.70 0.44 2.21 3.52 9 
Tholeiitic 2.81 0.49 2.12 3.37 6 
Transitional 3.18 0.51 2.11 4.17 47 
 
 
 
 
Figure 4.3A: Results of the thermobarometric calculations using the methods of 
Lee et al. (2009) for each geochemical class. 
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Figure 4.3B: Results of the thermobarometric calculations for the representative 
suite of samples using the methods of Lee et al. (2009) for each geochemical 
class, similar to Figure 4A above, but this time excluding the transitional 
basalts to avoid obscuring the trends present for the other geochemical 
classes. 
 
 To determine if there is a trend with the depth of magma generation through 
time, the calculated pressures were plotted against approximate age of the 
corresponding volcanic unit.  Figure 4.4 below shows this colored by geochemical 
class.  The subsequent figures (Figure 4.5) show the data for each individual 
geochemical class, with a linear trend plotted for the dataset.  Overall, the data 
shows a decrease in pressure with decreasing age, suggesting shallow melt 
generation as time progressed.  The EAR and transitional samples exhibit this trend 
well.  The tholeiites do show a decline in pressure with age, however the dataset is 
much more limited, and it is hard to assess the reliability of such a trend.  Also, the 
tholeiites are in a limited time range, with none in this subset having erupted 
younger than 1.45 Ma.  There is not enough data for basanites to determine any sort 
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of trend.  Notably, the AOBs show no trend through time.   While there is a range in 
pressures, the average stays consistent throughout the lifespan of the volcanic field. 
 
 
 
 
Figure 4.4:  Approximate age for each sample plotted against the pressure 
calculated by the thermobarometric methods of Lee et al. (2009).  The colors 
represent the geochemical class of the sample with dark blue being AOBs, 
basanites in orange, EAR rocks in gray, tholeiites in yellow and transitional 
basalts in green. 
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Figure 4.5: Approximate age for the samples from each geochemical class 
plotted against the pressure/approximate depth calculated by the 
thermobarometric methods of Lee et al. (2009).  The AOBs show no 
discernable trend in depth of generation through time. There is insufficient 
data for the basanites to determine any sort of trend.  Although there is 
significant scatter in the data, the trends seen in the EAR, tholeiitic and 
transitional samples suggest possible shallower depths of magma 
generation with decreasing age.  The R2 value for each trend line is shown in 
the upper right. 
 
 Early on in the lifespan of the field, transitional basalts are generated fairly 
deep (pressures up to 4 GPa).  This time period is also marked by the eruption of the 
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majority of tholeiites, many of which are generated from much shallower depths 
than the transitional basalts.  Early on, AOBs, tend to also be generated at fairly 
shallow depths.  Through time, tholeiite eruptions drop off and evolved alkalic lavas 
become more prevalent, all while magma generation, overall, is occurring at 
shallower depths.  To further assess how this changing depth of melting through 
time, the calculated pressure and temperatures were plotted in 0.3 Ma intervals.  
The diagram for all samples with thermobarometric data is shown below in Figure 
4.6.  To better evaluate this change, the data for each 0.3 Ma time interval were also 
plotted individually (Figure 4.7).  All time intervals show a fairly significant range in 
temperature and pressures, with the exception of the 1.8-2.1 Ma interval.  These 
samples exhibit a fairly restricted temperature range (1515-1565C) and are all 
relatively high pressure of 3-4 GPa, roughly coincident with the depth of the 
lithosphere-asthenosphere boundary.  The samples represented in this time period 
are AOBs, transitional basalts and basalts with tholeiitic affinities.  The later time 
periods show a significant spread in pressure (from 2->4.5 GPa) and temperature 
(1400-1600C). 
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Figure 4.6:  Thermobarometric results plotted by age.  The age is represented by 
0.3 Ma intervals, with the youngest, 0.3-0.6 Ma in dark blue, 0.6-0.9 Ma in 
orange, 0.9-1.2 in gray, 1.2-1.5 in light blue and the older period, from 1.8-
2.1 Ma in green. 
 
 
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
5
1400 1450 1500 1550 1600 1650
P
re
ss
u
re
 (
G
P
a)
Temperature (C)
Thermobarometry by Age
0.3-0.6 Ma
0.6-0.9 Ma
0.9-1.2 Ma
1.2-1.5 Ma
1.5-1.8 Ma
1.8-2.1 Ma
 110 
 
 
 
Figure 4.7: Thermobarometric results for 0.3 Ma age intervals. 
 
The slope of the thermobarometric profile over each of these 0.3 Ma intervals 
varies.  Higher slopes indicate higher temperatures at any given pressure which 
suggests higher heat flow.  Slopes of thermobarometry (see Figure 4.8) for age 
groups generally increase with decreasing age, except for the time interval from 0.9-
1.2Ma, during the period of steady-state production of vents (Condit and Connor, 
1996), suggesting higher heat flow early on that generally decreases with time (see 
Figure 4.14 below for estimated heat-flow through time). 
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Figure 4.8: Linear regressions for the thermobarometric results for 0.3 Ma time 
intervals. 
 
4.3.3 Rare Earth and Trace Elements 
 
 A smaller subset of SVF samples have rare Earth element (REE) geochemical 
data. These data were plotted by geochemical class for AOBs, basanites, tholeiites, 
transitional basalts (See Figure 4.9). 
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Figure 4.9: REE plots normalized to chondrite for each geochemical class.  After 
Sun and McDonough, 1989. 
 
 
 REE plots show a fairly similar trend across the geochemical classes with a 
relative depletion in the heavy rare Earth elements (HREEs).  HREEs are compatible 
in garnet and this depletion suggests residual garnet in the source region.  This 
agrees with the barometric calculations that suggest most magmas are derived 
below the garnet transition zone.  There are no prominent negative Eu anomalies 
for the samples suggesting that plagioclase fractionation is not playing an important 
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role, with the exception of one transitional unit, Qcg3.  Two AOB samples show 
moderate positive Eu anomalies. One is from unit Qdg, a plagioclase-olivine bearing 
unit, suggesting some plagioclase was accumulated.  The other is from unit Qwd1 
which is a sparse olivine basalt so it is not clear why it contains excess Eu but may 
possibly be related to the assimilation of crustal gabbro. Transitional units Qdh2 
and Que1 also have moderate positive Eu anomalies.  Unit Que1 is an olivine-
pyroxene-plagioclase bearing flow which could possibly have accumulated 
plagioclase.  Qdh2 is an aphyric basalt containing minimal phenocrysts, so again, the 
reason for excess Eu is unclear. Compared to the other geochemical classes, 
tholeiites show a much shallower slope, suggesting a higher degree of partial 
melting causing the relative dilution of the incompatible light rare Earth elements 
(LREEs) or derivation from a depleted mantle source.  The latter hypothesis is 
contradicted by isotopic constraints (see section 4.3.7 below). 
 The nine inferred primary magma compositions from the SVF that met the 
requirements for the melting model of Norman and Garcia (1999) were compared 
to varying degrees of partial melt of different lherzolite sources.  The best fit source 
was a garnet lherzolite that was comprised roughly of 2.5% garnet, 20% 
clinopyroxene and 77.5% olivine and orthopyroxene with partial melt ranging 
anywhere between 1 and <8% (Figure 4.10).  It is important to note that none of the 
samples used here were tholeiites, which are seemingly generated at shallower 
depths, perhaps extending up into the spinel stability field. 
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Figure 4.10: Trace elements and REEs for inferred primary magma 
compositions of samples in the SVF as compared to varying percentages of 
partial melting of a garnet lherzolite source (represented as black lines) 
normalized to chondrite values of McDonough and Sun (1995). 
  
 While the model of Norman and Garcia (1999) suggests an olivine-rich 
source region, this was further tested using the ratio of Zn/Fe.  Olivine preferentially 
incorporates Fe over Zn, so olivine-rich sources generate magmas with lower Zn/Fe 
(Rudzitis et al. 2016).  A ratio of Zn/Fe of 12.5x104 is the upper limit expected for a 
peridotite melt (Le Roux et al., 2010).  Figure 4.12 shows the Zn/Fe x104 ratio 
plotted against Mn/Zn.  The majority of samples (183 out of 199) plot below the 
upper limit for peridotite, suggesting an olivine-bearing source region.  An 
important note is that in less Mg-rich basalts, there is a tendency for Zn/Fe to be 
higher due to significant amounts of olivine fractionation (Rudzitis et al., 2016).  The 
effect of fractionation on the ratio of Zn/Fe can be seen in Figure 4.11, where the 
Zn/Fe ratio is plotted against MgO.  This figure suggests that fractionation does not 
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significantly impact the Zn/Fe ratio until magma MgO is less than 5 wt%.  Of the 
more primary dataset with MgO over 8.5 wt% that are more representative of the 
mantle source, only one sample from a transitional basalt unit, Qkb2, has Zn/Fe 
greater than 12.5x104. 
 
 
 
 
Figure 4.11: Plot of ratio Zn/Fe*104  versus MgO (wt %) to assess how 
fractionation effects Zn/Fe in the SVF magmas.  Based on this diagram, it 
appears that fractionation doesn’t play an important role until lavas have 
MgO < 5 wt% 
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Figure 4.12:  Plot Mn/Zn versus Zn/Fe*1000 for the subset of samples with MgO 
>8.5 wt%.  All samples except for one plot below the upper limit expected 
for peridotite melts. 
 
 Within the representative suite, average Zn/Fe was calculated for each 
geochemical class (See Table 4.5). There is a small amount of variation between the 
geochemical classes from 8.8*104 in the basanites to >11*104 for the tholeiites.  
Basanites and AOBs have very similar ratios or 8.87*104 and 8.91*104, respectively, 
while the EAR and transitional samples are similar with ratios of 10.69*104 and 
10.30*104, respectively.   
Ratios of light/mid-REEs to HREEs for magmas generated in a mantle source 
region with residual garnet provides more insight into the amount of partial melting 
of the source region.  Smaller degrees of partial melting will preferentially 
concentrate the lighter REEs in the melt so ratios will be higher than those of melts 
with larger degrees of partial melting (Klein and Langmuir, 1987).  To assess the 
relative degree of partial melting between the different geochemical classes, Sm/Yb 
was plotted against La/Yb (Figure 4.13).  While an LREE like La is very useful, mid-
Pyroxenite
Peridotite
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REEs like Sm provide a good control to compare to because Sm is still more 
incompatible than the HREEs but is less susceptible to variation due to source 
region variability or alteration than LREEs.    
 
 
 
 
 
Figure 4.13: Plot of La/Yb (LREE over HREE) versus Sm/Yb (mid-REE over 
HREE) for the samples with the necessary trace element data in the SVF.  
Colors represent geochemical class with blue for AOBs, orange for basanites, 
gray for evolved alkalic rocks (EAR), yellow for tholeiites and green for 
transitional basalts.  Significant variability can be seen between the 
geochemical classes. 
 
 Tholeiites are at the low end of both of these ratios suggesting high degrees 
of partial melting, which agrees with the widely accepted model for tholeiites.  AOBs 
show a large range of these ratios but the majority seem to be near the lower end, 
suggesting relatively high degrees of melting, which agrees with the REE plots 
above.  Transitional basalts fall within a similar range of the AOBs.  The evolved 
alkalic rocks have somewhat higher ratios suggesting smaller degrees of partial 
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melting, a model that is widely called upon for the generation of alkalic rocks.  
Interestingly, the basanites seem to generally have the highest ratios in the field, 
with only one exception.  This may be an artifact of the relatively small sample size 
of basanites with REE data, but it suggests that basanites are generated very deep by 
small degrees of partial melting.   
4.3.4 Heat Production 
  
 The trends observed between thermobarometry results and degree of partial 
melting suggest changes in overall heat production of the SVF. Tanaka et al. (1986) 
estimated heat production in the San Francisco Volcanic Field based on eruptive 
volumes and a heat content for basalts of 400 cal/cm3.  In the SVF, eruptive volumes 
are approximated using areal percentages of eruptive units and extrapolating that to 
volumes based on the total field volume estimate of 300 km3 of Condit et al. (1989).  
The volumetric eruptive rates calculated over quarter million-year intervals are 
shown below in Table 4.2.  These estimates are based on the interpreted areal 
percentages to include the additional volume of QTsf, the large, diktytaxitic flow on 
the western side of the field, that has partially been covered by later flows (see 
Mnich and Condit 2018 for a description of this).  Based on Figure 4.14, high heat 
production in the early stages of volcanism in the SVF, from 2-1.5 Ma, is required to 
generate the approximated volumes of magma erupted at that time.  The heat 
production stays fairly constant from 1.5-1 Ma, until it begins to wane through the 
end of the lifespan of the field.   
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Table 4.2: Estimated volumetric eruptive rates and heat production for quarter 
million year intervals. 
 
 
 
 
 
Figure 4.14:  Approximated heat production in the SVF through time based on 
0.25 Ma intervals. 
 
 There are two parameters to consider when thinking about the heat flow and 
eruptive activity.  The first is the volume of magma generation considered above 
and the second is the rate of vent production.  When considered over 0.25 Ma time 
intervals, rates of vent production vary (See Table 4.3).  The highest rates of vent 
production are from around 1.5-1 Ma, notably later than the time periods with the 
Age (Ma)
Total 
percent
Estimated 
Volume (km3)
Volume rate 
(km3/yr)
Volume rate 
(cm3/yr)
Heat 
production 
(cal/yr)
Heat production 
(J/yr)
2.00 to <2.25 0.03 0.09 3.60E-07 3.60E+08 1.44E+11 6.02E+11
1.75 to <2.00 21.62 64.86 2.59E-04 2.59E+11 1.04E+14 4.34E+14
1.50 to <1.75 28.86 86.58 3.46E-04 3.46E+11 1.39E+14 5.79E+14
1.25 to <1.50 14.64 43.92 1.76E-04 1.76E+11 7.03E+13 2.94E+14
1.00 to <1.25 14.31 42.93 1.72E-04 1.72E+11 6.87E+13 2.87E+14
0.75 to <1.00 13.84 41.52 1.66E-04 1.66E+11 6.64E+13 2.78E+14
0.50 to <0.75 5.3 15.9 6.36E-05 6.36E+10 2.54E+13 1.06E+14
0.25 to <0.50 1.38 4.14 1.66E-05 1.66E+10 6.62E+12 2.77E+13
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highest heat production in the field.  There are a few possibilities for this difference.  
The first could simply be that early vents were destroyed or covered by later flows.  
The second is that early time periods saw large volume, less explosive flows while 
later, changes in magma chemistry and perhaps volatile content of the magma 
produced more explosive vent forming eruptions, with smaller volumes of lava 
flows.  The generation of high-volume, fluid, early tholeiitic flows in the western part 
of the field and the trend toward lower-volume more evolved alkalic lavas 
documented by Mnich and Condit (2018), support the latter, while the former 
undoubtedly contributes to the apparent spike in early heat production. 
 
Table 4.3:  Number of vents formed during 0.25 Ma time intervals. 
Age 
range 
(Ma) 
Number 
of Vents 
1.75-2.0 31 
1.5-1.75 60 
1.25-1.5 100 
1.0-1.25 101 
0.75-1.0 71 
0.5-0.75 25 
0.25-0.5 4 
 
 
4.3.5 Oxygen Fugacity in the Mantle Source Region 
 
An important component to understanding the petrogenesis of magmas is 
the activity of volatile elements prior to, and subsequently during eruption.  The 
redox state of the magma is a crucial element to understanding the volatiles budget 
of the system (Wilke, 2005).  Oxygen fugacity can provide a measure of redox 
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potential and is defined as the activity of O2 within the magmatic system 
(Carmichael, 1991; Frost, 1991; Kress and Carmichael, 1991).  Different tectonic 
settings have variable oxygen fugacity.  For example, mid-ocean ridge basalts have 
lower oxygen fugacity, ranging from 0 to -2 log units from the fayalite-magnetite-
quartz (FMQ) oxygen buffer, than arc lavas do (FMQ 0 to +6) (Christie et al., 1986; 
Carmichael, 1991).  For the intraplate SVF lavas, the V/Sc ratio can be useful as a 
proxy for oxygen fugacity in magmas, which has important implications for 
assessing the redox state of the source mantle region where these lavas are 
generated.  These two elements are geochemically similar to each other, are 
relatively incompatible and are not-fluid mobile; however, V is redox-sensitive and 
Sc is not, thus making this ratio a tracer of primary oxygen fugacity.  Other than 
oxygen fugacity, the ratio is also affected by depth and degree of melting (Lee et al., 
2005).  V/Sc is also subject to the effects of crystal fractionation and to avoid this, it 
is important to evaluate only primary magmas.  In the SVF, 186 samples have 
sufficient data to determine the V/Sc ratio.  Olivine fractionation minimally affects 
the V/Sc ratio since V and Sc do not readily partition into olivine, but at magma MgO 
contents less than 8 wt%, clinopyroxene and plagioclase also become important 
crystallizing phases.  Sc in particular, partitions into clinopyroxene so the 
crystallization and/ or removal of clinopyroxene from the melt will play a significant 
role on the Sc content.  V partitions into opaque minerals crystallizing at lower 
tempertures.   In the SVF samples, the role of fractionation is obvious in the plot of 
MgO versus V/Sc (Figure 4.15), where the V/Sc ratio seems to be significantly 
impacted at MgO contents of <5 wt% where the crystallization of opaque oxide 
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minerals become important.  However, since clinopyroxene crystallizes at higher 
MgO contents, to avoid any fractionation effects, only samples with MgO >8.5 wt% 
and SiO2 under 52 wt% were used in subsequent evaluation of V/Sc, further paring 
down the dataset to 82 samples. 
 
 
 
 
Figure 4.15: A plot of V/Sc versus MgO for the 186 samples with sufficient data 
in the SVF.  The effects of fractionation on the V/Sc ratio are significant 
under MgO 5 wt% where the crystallization of opaque oxide minerals 
become important. 
 
 V/Sc ratios from the subset of samples over 8.5 wt% MgO range from 6.25-
11.6.  The average V/Sc for each geochemical class varies slightly (see Table 4.4) 
with tholeiites being the lowest and basanites as the highest.  However, as noted 
previously there all also distinctions in the depth of generation and possibly degree 
of partial melting between these geochemical groups.  When plotting the V/Sc ratio 
against the calculated pressure of magma generation (see Figure 4.16), there is a 
positive correlation between these two suggesting that depth is impacting the V/Sc 
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ratio observed in these lavas.  Provided that these magmas are generated within the 
garnet stability field, the La/Yb ratio, as described above is compared to the V/Sc in 
order to assess how degree of partial melting effects the ratio.  As seen in Figure 
4.17, there is a positive correlation between La/Yb and V/Sc ratios for the samples 
with over 8.5 wt% MgO, thus indicating that degree of partial melting is playing a 
role on the observed V/Sc ratio.  While this subset of samples is the most 
representative of a direct mantle derived melt that has not had subsequent 
modification, it is somewhat limited in terms of number of samples, but even when 
the comparison of these two ratios is done for all the samples with the necessary 
data, the positive correlation persists. 
 
 
Table 4.4: The average, minimum and maximum V/Sc ratio for each 
geochemical class using only samples with over 8.5 wt% MgO. 
 
 Average Min Max 
AOB 8.07632924 6.26436782 10 
Basanite 8.75861795 7.85145889 9.57386364 
EAR 8.03443663 7.07509881 10.1652893 
Tholeiite 7.50702463 6.34920635 9.28571429 
Transitional 8.06291011 6.25 11.6058394 
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Figure 4.16:  Plot of calculated pressure using the thermobarometric 
calculations of Lee et al. (2009) against the V/Sc ratio for samples with over 
8.5 wt% MgO.  Colors represent geochemical class with blue for AOBs, 
orange for basanites, gray for evolved alkalic rocks (EARs), yellow for 
tholeiites and green for transitional basalts.  There is a positive correlation 
between depth of magma generation (pressure) and V/Sc. 
 
 
 
 
Figure 4.17:  Plot of V/Sc  versus La/Yb (as a proxy for degree of partial melting) 
for the samples over 8.5 wt% MgO with the necessary data. Colors represent 
geochemical class with blue for AOBs, orange for basanites, gray for evolved 
alkalic rocks (EARs), yellow for tholeiites and green for transitional basalts.  
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These data suggest a positive correlation between degree of partial melting 
and V/Sc ratio. 
 
 Lee et al. (2009), experimentally constrained oxygen fugacity based on V/Sc 
ratios for a given percent of partial melting, both at pressures of 1.5 GPa in a spinel 
lherzolite source and at 3 GPa, which is in the garnet region.  While degree of partial 
melting is an important component, for oxygen buffers of FMQ and below, the 
degree of partial melting plays a small role in the V/Sc ratio for a given oxygen 
fugacity.  V/Sc ratios at varying oxygen buffers were estimated at 10% partial 
melting.  The SVF V/Sc data are plotted relative to FMQ for a spinel lherzolite source 
at 1.5 GPa (Figure 4.18A) and a garnet lherzolite source at 3.0 GPa (Figure 4.18B).  
Based on a pressure of 1.5 GPa, the data lie closely to the FMQ oxygen buffer, though 
there is some variability.  This pressure is too shallow for the majority of the SVF 
samples so the garnet option is likely a better model.  At garnet stability pressures of 
3 GPa (Figure 4.18B), the vast majority of samples fall between FMQ -1 and FMQ -2, 
suggesting a reduced environment for magma generation.  Some of these samples 
are shallower than 3 GPa, which would shift them to slightly less reduced oxygen 
fugacities.  Varying degrees of partial melting from the 10% used in this model 
would also shift the oxygen fugacity slightly with smaller amounts of partial melting 
suggesting more reduced environments while if larger amounts of melting were 
generating these magmas, the conditions would be more oxidizing. 
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Figure 4.18A: V/Sc data for the SVF lava compared to oxygen buffers for a spinel 
bearing region at 1.5 GPa. 
 
 
Figure 4.18B: V/Sc data for the SVF lava compared to oxygen buffers for a 
garnet bearing region at 3.0 GPa. 
4.3.6 Eruption locations and their relationship to geochemical, temporal and 
geophysical properties 
 
 A general shift from west to east in volcanism across the SVF through time 
has been previously noted (Condit et al., 1989; Connor et al., 1992; Condit and 
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Connor, 1996).  The spatial distribution of vents, both with time and various other 
properties is important to understanding the evolution of the field.  Deng et al. 
(2017), relate patterns of volcanic activity in the SVF to relict blocks of Proterozoic 
crust with varying physical properties.  The boundaries between these crustal 
blocks trend to the northeast. The distinction between different crustal blocks is 
reflected in their gravity data from the field and the derived density model.  They 
suggest there is some evidence that vent alignments tend to parallel the interface 
between blocks of different densities, in areas where the density and gravity 
changes are the highest (Deng et al., 2017).  Their model lacks geochemical or age 
progression data but does suggest that underlying crustal structure affects the 
spatial distribution and may ultimately affect other characteristics of the field.   
The distribution of vents of known geochemical class were plotted onto the 
gravity and density patters of Deng et al. (2017).  One plot was made for all the 
vents with geochemical data (Figure 4.19A) while a second plot was made for vents 
only with compositions of MgO >8.5% (Figure 4.19B) that are considered to have 
ascended directly from a mantle source region with little to no modification.  Plots 
for the primary samples are also shown by individual geochemical class (Figure 
4.20).  AOB samples tend be in areas of high gravity gradients, perhaps at the 
boundaries between different crustal blocks.  The basanite sample size is very 
limited but these vents tend to form in areas of moderately low density.  
Interestingly, the additional basanite samples with MgO <8.5 wt% predominately 
cluster in the southwestern area of the field.  The EAR samples from the primary 
suite, except for one sample, plot along a SW-NE trending line of high gravity 
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gradient.  Tholeiitic samples are located in areas of slightly higher density and, 
unlike the other geochemical classes, do not appear in places where the density 
contrast is the lowest.  Transitional basalt vents plot in low to moderate density 
contrast, similar to the AOB and EAR classes.   
 
 
 
 
 
Figure 4.19A: Locations for all vents with geochemical data colored by 
geochemical class relative to the density and gravity models of Deng et al. 
(2017).  Dark blue represents AOBs, orange for basanites, gray for evolved 
alkalic rocks (EARs), yellow for tholeiites and green for transitional basalts. 
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Figure 4.19B: Locations for all vents with over 8.5 wt% MgO colored by 
geochemical class relative to the density and gravity models of Deng et al. 
(2017).  Dark blue represents AOBs, orange for basanites, gray for evolved 
alkalic rocks (EARs), yellow for tholeiites and green for transitional basalts. 
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Figure 4.20: Locations for all vents with over 8.5 wt% MgO individually for each 
geochemical class relative to the density and gravity models of Deng et al. 
(2017). 
 
 Similarly, patterns were also assessed for depth of melt generation for 0.5 
GPa intervals (Figure 4.21).  The shallowest group of samples from 2-2.5 GPa are 
predominately concentrated in the eastern extents of the field, except for two 
samples.  The 2.5-3 GPa vents form two alignments, one trending SW-NE, 
corresponding with the steep change in gravity, and another trending N-S.  Density 
of underlying crust ranges from very low to some of the highest in the field.  This is 
in contrast with the 3-3.5 GPa grouping that tend to be located in areas of low to 
moderately high crustal density.  These vents are concentrated the eastern and 
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western periphery of the field, with none located in the center of the field.  The vents 
from 3.5-4 GPa are fairly distributed throughout the field, with arguably a gap in the 
south-central area, and are located mostly in areas of moderately low crustal 
density.  The highest pressure vents are concentrated in the southwest and 
northeast areas of the field and have a big range in underlying crustal density.  
 
 
 
Figure 4.21: Locations for all vents with over 8.5 wt% MgO for 0.5 GPa pressure 
increments relative to the density and gravity models of Deng et al. (2017). 
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 A similar comparison to the location, density and gravity was done using the 
age of the primary vents, plotted at 0.25 Ma intervals (Figure 4.22).  The oldest 
samples (2-1.5 Ma) are predominately concentrated in the southwest portion of the 
field.  As time progresses, the vent locations become more dispersed and extend to 
the more easterly parts of the field.  In the samples less than 1 Ma, the vents are 
aligned along two lineaments, one trending SW-NE and one N-S, much like was 
observed in the pressure plots for 2.5-3 GPa samples (see Figure 4.21). 
 
 
Figure 4.22: Locations for all vents with over 8.5 wt% MgO for 0.25 Ma age 
ranges relative to the density and gravity models of Deng et al. (2017). 
 133 
4.3.7 Mantle Reservoirs 
 
 As previously discussed, Cooper and Hart (1990) suggested that three 
distinct, large-scale, mantle reservoirs likely contributed to SVF lavas.  In the 
absence of isotopic data for the samples collected in 2010 and 2011, data from 
previously collected samples, representing locations across the entire field, were 
used (See Appendix H).  When plotted compared to known isotopic reservoirs, all 
isotopic systems suggest a component of the PREMA reservoir with additional 
inputs of enriched components (EMI and/or EMII) (Figures 4.23).  PREMA agrees 
with the M1 reservoir denoted by Cooper and Hart (1990), however they also 
suggested interplay of an EMI type reservoir (M2) and another reservoir trending 
towards HIMU (M3).  It could be argued that the data trend slightly towards HIMU 
but it is more likely that lavas can be explained along mixing lines between PREMA 
and the enriched components, EMI and EMII.  The tholeiites trend more towards the 
enriched end members and possibly represent a distinct end member in terms of 
source region.  Previous studies suggest that increasing Nd isotopic ratios indicate 
increasing amounts of an asthenospheric component (Crow et al., 2011).  As seen in 
Figure 4.23, the tholeiites have the lowest 143Nd/144Nd ratio, suggesting less of a 
signature of asthenospheric melting. 
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Figure 4.23:  Isotopic data for the SVF.   Datapoints are colored by geochemical 
class with dark blue representing AOBs, orange showing basanites, gray 
representing EARs, tholeiites in yellow and transitional basalts in green. 
Inferred mantle reservoirs are also plotted (Zindler and Hart, 1986). 
 
 In terms of trace elements, EM basalts have a distinct signature, including 
high Rb/La, Ba/La, Th/U and Rb/Sr while having low Nb/La and U/Pb (Wilbolde 
and Stracke, 2006).  Table 4.5 contains the average trace element ratios for each 
geochemical class for the representative suite.  Based on these data, tholeiites have 
high Rb/La, Ba/La and Rb/Sr but low Nb/La, further suggesting and EM source.  The 
average Th/U ratio of the tholeiitic like basalts is not as high as for other 
geochemical classes which is not what is expected for EM basalts.  There is 
insufficient U/Pb data to compare between the geochemical classes.  Contrary to the 
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tholeiites, basanites have low Th/U and Rb/Sr.  Interestingly, the Ba/La ratio of the 
basanites and the tholeiites is very similar. 
 
Table 4.5: Average trace element ratios for each geochemical class. 
 
 
 
 The Zr/Ba ratio has been used as a proxy for isotopic data (Cooper and Hart, 
1990).  The basanite samples have the lowest Zr/Ba on average, while the more 
evolved alkalic samples (EARs) have the highest, although many of the EARs plotted 
here are not primary.  When data for the representative suite are plotted compared 
to La/Yb, a presumed proxy for degree of partial melting, there is a correlation 
between the two, with tholeiites on one end and basanites on the other (Figure 
4.24).  A secondary trend, with higher Zr/Ba exhibited by the EARs, represents a 
more evolved trend as none of those samples are in the primary dataset with MgO 
>8.5 wt%.  
 
Rb/La Ba/La Th/U Rb/Sr Nb/La U/Pb Zr/Ba Zn/Fe*104 V/Sc
AOB 0.26 13.13 4.05 0.02 1.22 0.36 8.91 8.53
Basanite 0.63 16.16 3.73 0.02 1.06 0.25 8.87 8.44
EAR 0.58 13.27 4.61 0.05 1.18 0.18 0.42 10.70 8.39
Tholeiite 1.22 16.56 4.01 0.05 0.77 0.36 11.40 7.83
Transitional 0.39 15.10 4.15 0.04 1.09 0.33 0.40 10.30 8.11
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Figure 4.24: Plot of Zr/Ba versus La/Yb for the representative suite of samples.  
The colors represent geochemical class. 
4.4 Discussion 
   
 Results suggest an olivine bearing source region for these basalts.  The model 
of Norman and Garcia (1999) indicates a source composition for the SVF basalts of 
garnet lherzolite that has a higher clinopyroxene to garnet ratio than a typical 
garnet lherzolite which could possibly indicate melting occurring over a range of 
pressures, from deeper in the garnet stability field and to shallower depths through 
the transition from garnet to spinel stability.  Xenoliths from the SVF are olivine-
pyroxenites, in agreement with an olivine peridotite source region (Condit, 1984). 
The limited number of samples used for determining the source by the methods of 
Norman and Garcia (1999) possibly prevents the entire range of source composition 
from being evaluated.  For example, there were no tholeiites used for these analyses.  
V/Sc data suggest melting occurred under reducing conditions at oxygen buffers of 
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FMQ-1 to FMQ -2.  This is similar to lavas from Hopi Buttes and Navajo fields where 
melting is hypothesized to occur under reducing conditions (Reid et al., 2012).  
Rhodes and Vollinger (2005) also determined that basalts from the 1984 eruption of 
Mauna Loa in Hawaii were more reduced than FMQ, suggesting an initial oxygen 
fugacity near the magnetite-wustite (MW) oxygen buffer.  Variations in V/Sc across 
geochemical classes are relatively small and can be attributed to depth and degree 
of melting, rather than changes in oxygen fugacity of the source region.   
Thermobarometric results suggest that melting in the SVF originated at 2.1 
Ma at pressures of ~3-3.5 GPa and temperatures between 1515 and 1565C.  These 
depths are roughly coincident with the lithosphere-asthenosphere boundary under 
this region of the Colorado Plateau.  A large early pulse of heat from around 2-1.5 
Ma, caused significant melting and the generation of large-volume tholeiitic lava 
flows. Thermobarometry indicates that tholeiites are derived at lower pressures 
than several of the other geochemical classes, perhaps in the lithospheric mantle.  
AOB, transitional and basanitic magmas were generated at fairly constant volume 
through time until a substantial decline in heat began at 1 Ma.  AOBs and 
transitional basalts span a wide range of temperatures and pressures, from some of 
the lowest pressures in the field (~2.1 GPa) to some of the highest (4.39 GPa).  The 
basanites are distinct in that thermobarometry suggests they are consistently 
derived from very high pressures, with average depths of generation at nearly 140 
km.  The rise in evolved alkalic lavas (EARs) beginning at ~1.5 Ma is coincident with 
a change from large volume flows, to higher rates of pyroclastic vent production and 
smaller area flows.  EAR samples overlap in temperature/pressure space with the 
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tholeiites, however, at any given pressure, they are generated at lower 
temperatures, likely suggesting smaller degrees of partial melting.  It is important to 
note that the pressures and temperatures calculated using this thermobarometric 
method are approximate and based on several assumptions.  The first is that olivine 
is the only fractionating phase.  The use of samples with MgO over 8.5 wt% gives 
higher likelihood that magmas are fractionating only olivine but this is not 
necessarily the case as plagioclase feldspar and clinopyroxene phenocrysts are not 
uncommon in these rocks.  If plagioclase is co-crystallizing, the calculated 
temperature and pressure would be erroneously high due to an over-estimate of 
SiO2 and MgO.  The opposite is true if clinopyroxene is crystallizing as SiO2 would be 
underestimated and MgO overestimated, causing lower pressure and higher 
temperature results.  As noted previously, testing to determine if the samples are 
along an olivine-controlled trend in pMELTS likely alleviates some of this problem.  
The second assumption these results are based on is that a normal mantle 
composition has an Mg # equal to 0.9, which is the correction value for adding back 
olivine to presume primary magma chemistry.  If normal mantle residuum is in 
actuality over Mg # 0.9, temperatures and pressures are underestimated while if the 
Mg # is less than 0.9, calculated values would be higher than true values (Lee et al., 
2009).  Water or CO2 are not taken into consideration in these calculations but there 
is evidence that Colorado Plateau lavas are derived from relatively anhydrous 
source regions, with magma water contents believed to ubiquitously less than 0.5 
wt% (Li et al., 2008).  Fourier transform infrared (FTIR) spectroscopic analysis on 
melt inclusions for a small subset of 5 samples in the SVF agrees with water-poor 
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magmas, with average water values all less than 0.5%.  Therefore, the resultant 
temperatures and pressures are good first order approximations but should not be 
taken as absolute. 
Based on REE patterns and ratios (La/Yb and Sm/Yb), basanites and EARs 
are seemingly generated at low degrees of partial melting.  The small sample size (3) 
for basanites perhaps makes this trend less reliable, especially since one of the data 
points plots at lower ratios suggesting higher degrees of partial melting.  Though 
there is a range for the AOB and transitional samples, they mostly have La/Yb and 
Sm/Yb ratios indicating higher degrees of partial melting than the basanites or EAR 
samples, though at lower degrees than the tholeiites, which are the highest.  It is 
important to note that these interpretations depend on having residual garnet in the 
source region.  Based on thermobarometry, it is plausible that some of the lower 
pressure samples are produced in the spinel stability field, shallower than the spinel 
to garnet transition.  Melting in a spinel regime would result in higher amounts of 
the HREEs in the melt, causing an increase in the ratio of La/Yb and Sm/Yb.  The 
tholeiites are predominately generated at lower pressure and exhibit the lowest 
La/Yb ratios.  While some EAR, AOB and transitional samples also fall within the 
lower pressure extents, there is variability in the pressure within each class with 
some extending to higher pressures, but these geochemical classes plot fairly 
consistently on the La/Yb versus Sm/Yb diagram suggesting differing mineral 
assemblages due to pressure changes do not effect overall interpretation of these 
ratios.  It is important to note that the interpretation of these ratios also relies on 
having a source region that is consistent in these trace elements.  While the inferred 
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high degree of partial melting makes sense for the large volume tholeiites, 
moderately high amounts for the AOBs and transitional classes and lower degrees 
for the smaller volume more evolved alkalic units, the basanites ratios may reflect 
variability in source composition.  The basanites have very high La/Yb and Sm/Yb 
ratios, possibly implying a distinct source area with differing trace element ratio, 
perhaps located very deep.  However, isotopic ratios do not support the idea of a 
distinct source region for the basanites as they do not vary significantly from the 
AOB, transitional and EAR classes.  Previous work has suggested that melting of 
carbonated garnet lherzolite can produce silica undersaturated basanitic melts with 
higher Sm/Yb ratios (Dasgupta et al., 2007; Gerbode and Dasgupta, 2010; Zeng et al., 
2017). It is plausible that basanite generation may reflect the melting of residual CO2 
rich pockets within the asthenosphere.  These pockets would also have implications 
for the facilitation of shear-driven upwelling in the lithosphere (Ballmer et al., 
2015).  High CO2 areas would affect thermobarometric estimations since the model 
of Lee et al. (2009) is not calibrated to include the effects of CO2 on silica activity, 
potentially suggesting that basanites are actually generated at lower pressures and 
temperatures than the calculated values. 
Isotopic systems suggest the interplay between two end-member mantle 
sources similar to the PREMA and EM mantle reservoirs (See Figure 4.23).  
Tholeiites are clearly isotopically distinct and contain much more of an EMII 
component.  If sediment input was responsible, 206Pb/204Pb of >18.5% would be 
expected (Plank and Langmuir, 1998; Usui et al., 2006), which is not the case.  The 
Zn/Fe ratio would also be elevated if olivine poor sediments were incorporated into 
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the source region and, while the Zn/Fe ratio for tholeiites is slightly higher than the 
rest of the geochemical classes, it is still within the range expected for peridotite 
melts.  The lack of sediment input is in agreement with Reid et al., (2012) who 
concluded that sediments that were subducted during the Laramide do not play a 
role in magma generation in the Colorado Plateau region.  It has been suggested that 
the EM reservoir can be derived from lithospheric mantle (e.g. Chung et al., 1995) 
which agrees well with the thermobarometric data, suggesting an average depth of 
magma generation of the tholeiites of approximately 90 km depth though ranging as 
shallow as 70 km.  With the exception of one sample (Qsa1), the depth of tholeiite 
generation decreases to the south, possibly as a result of a thinning lithosphere 
closer to the Basin and Range Province.  The small dataset of only 6 tholeiitic like 
samples with pressure calculations is possibly a limiting factor in this 
interpretation.  The deeper basanites, AOBs, and transitional basalts, have a PREMA 
reservoir dominated source region, likely located within the asthenospheric mantle, 
similar to the M1 reservoir designated by Cooper and Hart (1990).  The overall 
limited amount of isotopic data currently available in the SVF may also be a 
restricting factor in ascertaining mantle heterogeneity.  A total of 61 samples are 
characterized by at least one isotopic ratio; 39 have Pb data, 55 have Sr data and 20 
have Nd data.  The lack of a uniform suite of isotopic data for the entire sample set 
limits our ability to definitively assess their reservoir of origin.   
Alkalic rocks are often presumed to be generated from small degrees of 
partial melting at greater depths (e.g. Green and Ringwood, 1967; Gast, 1968; 
Kushiro, 1968).  While the more primitive of the SVF EAR samples (>8.5 wt % MgO) 
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do seem to be generated by small degrees of partial melting, pressure calculations 
suggest depths of magma equilibration that are shallower and more similar to the 
tholeiitic samples.  Smaller degrees of partial melting of the same lithospheric 
source of tholeiites can be ruled out due to the distinct isotopic signatures of 
tholeiites.  There is limited thermobarometric data for the more evolved alkalic rock 
types as the majority are too evolved to be used in the calculations, perhaps making 
their relatively shallow depth of origin a less reliable interpretation.  These samples 
show evidence of shallow level fractionation, possibly in the crustal reservoirs at 0-
12 and 23-30 km depth as suggested by Putirka and Condit (2003). As discussed 
previously, P- and S-wave velocities in the Colorado Plateau region could be 
explained by infiltration of asthenospheric melts in the lithosphere (Sine et al., 
2008; Levander et al., 2011; Crow et al., 2011).  The influx of low SiO2 basanite melts 
from the asthenosphere into the lithosphere would facilitate mixing between 
basanite and tholeiitic melts.  Zeng et al. (2017) described how a similar mixing 
scenario could trigger crystallization of garnet and clinopyroxene and result in the 
formation of a SiO2 saturated alkaline magma according to the reaction below: 
 
SiO2-saturated tholeiitic magma+SiO2-undersaturated alkaline magma -> 
SiO2-saturated alkaline magma+garnet+clinopyroxene (Zeng et al., 2017) 
 
 
The occurrence of this reaction in the lithospheric mantle is consistent with the 
trend of early eruptions of tholeiitic lavas that drop off around 1.5 Ma, giving rise to 
significantly more evolved alkalic lavas (EARs) after that time, presumably after 
mixing occurs.  While basanitic lavas are relatively uncommon at the surface, 
representing only 3.6% of the total areal extent of lavas, the flows are fairly large in 
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area with an average unit size of 12.3 km2.  This flow size is nearly twice as large as 
the average for largest EAR subgroup and over twice as large as AOB and 
transitional units. While basanitic units are not as large as tholeiites (average of 34.7 
km2 per unit), their relatively large size suggests that volumetrically large batches of 
magma are generated in the asthenosphere. 
Generation of alkalic magmas at relatively shallow depths can also occur by 
melting of metasomatized mantle in the presence of CO2 (Pilet, 2005). Minor 
amounts of CO2 or only a few hundreds of parts per million decreases the solidus 
temperature of peridotite (Katz et al., 2003; Asimow et al., 2004; Dasgupta et al., 
2007).  The production of alkalic lavas in the presence of CO2 and the resultant 
depression of the solidus temperature agrees with the thermobarometric results 
that indicate that for a given pressure, alkalic magmas are produced at lower 
temperatures than tholeiitic magmas.  While it is plausible that early, possibly 
carbonated asthenospheric melts could progressively interact with and 
metasomatize the overlying mantle, creating conditions for the shallow generation 
of alkalic magmas, this process often creates SiO2 undersaturated magmas which is 
not the case for the EAR geochemical classes in the SVF (Dasgupta and Hirschmann, 
2007). 
 
4.5 Conclusions 
 
Melting in the SVF began around 2.1 Ma at the base of the lithosphere.  A 
large early pulse of heat caused significant melting in the lithosphere and the 
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generation of large-volume tholeiitic lava flows, with EM isotopic and trace element 
signatures that are distinct from any other geochemical class.  Melting also occurred 
deeper in the asthenosphere, generating the isotopically PREMA-like basanite, AOB 
and transitional classes.  There is evidence suggesting that basanites were 
generated from residual CO2 rich pods fairly deep in the asthenosphere.  AOB and 
transitional lavas were likely generated in uncarbonated asthenospheric mantle 
which produced the similar isotopic signature to the basanites without the same 
degree of silica undersaturation.  Thermobarometry agrees with the generation 
most of the AOBs and transitional basalts at pressures >3 GPa, though some are 
shallower, suggesting possible temporary reequilibration in the lithosphere, 
possibly related to structural controls.  As heat production waned, the eruption of 
tholeiitic magmas also waned significantly after 1.5 Ma and more evolved alkalic 
magmas became much prominent, possibly due to mixing of deeper SiO2 
undersaturated basanitic magmas with tholeiitic lithospheric melts.  This shift 
coincided with a change from large volume flows, to higher rates of pyroclastic vent 
production and smaller area flows, likely reflecting the change in magma 
composition.  With smaller degrees of heat, eruptions become more localized due to 
structural controls, with all primary vents under 1 Ma falling along a SW-NE trend 
coincident with a large change in gravity, possibly related to a boundary between 
two different blocks of Proterozoic crust, and a crossing N-S alignment (See Figure 
4.22). 
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APPENDIX A 
FTIR MEASUREMENTS FOR ICELAND SAMPLES  
List is organized by sample and mineral that hosts the melt inclusions measured 
 
 
Sample Volcano/Area Volcanic Zone
Molar 
Absorption 
Coefficient
Density 
(g/L)
Thickness 
(cm)
Height of 
spectrum
Water 
(wt%)
Water 
(ppm)
Host mineral
ICE15-1 Snaefellsjokull SVB 70.94 2759.30 0.0217 0.05 0.021211 212.11 Clinopyroxene
ICE15-1 Snaefellsjokull SVB 70.94 2759.30 0.0217 0.143 0.060664 606.64 Clinopyroxene
ICE15-1 Snaefellsjokull SVB 70.94 2759.30 0.0217 0.116 0.049210 492.10 Clinopyroxene
ICE15-1 Snaefellsjokull SVB 70.94 2759.30 0.0217 0.13 0.055149 551.49 Clinopyroxene
ICE15-1 Snaefellsjokull SVB 70.94 2759.30 0.0217 0.065 0.027574 275.74 Clinopyroxene
ICE15-1 Snaefellsjokull SVB 70.94 2759.30 0.0217 0.022 0.009333 93.33 Clinopyroxene
ICE15-1 Snaefellsjokull SVB 70.94 2759.30 0.0217 0.043 0.018242 182.42 Clinopyroxene
ICE15-1 Snaefellsjokull SVB 70.94 2759.30 0.0217 0.081 0.034362 343.62 Clinopyroxene
ICE15-1 Snaefellsjokull SVB 70.94 2759.30 0.0217 0.205 0.086966 869.66 Clinopyroxene
ICE15-1 Snaefellsjokull SVB 70.94 2759.30 0.0217 0.103 0.043695 436.95 Clinopyroxene
ICE15-1 Snaefellsjokull SVB 70.94 2759.30 0.0217 0.083 0.035210 352.10 Clinopyroxene
ICE15-1 Snaefellsjokull SVB 70.94 2759.30 0.0217 0.127 0.053876 538.76 Clinopyroxene
ICE15-4 Near Arnarstapi SVB 61.64 3794.06 0.0154 0.063 0.031524 315.24 Olivine
ICE15-4 Near Arnarstapi SVB 61.64 3794.06 0.0154 0.079 0.039530 395.30 Olivine
ICE15-4 Near Arnarstapi SVB 61.64 3794.06 0.0154 0.067 0.033525 335.25 Olivine
ICE15-4 Near Arnarstapi SVB 61.64 3794.06 0.0154 0.104 0.052039 520.39 Olivine
ICE15-4 Near Arnarstapi SVB 61.64 3794.06 0.0154 0.173 0.086565 865.65 Clinopyroxene
ICE15-4 Near Arnarstapi SVB 61.64 3794.06 0.0154 0.096 0.048036 480.36 Plagioclase
ICE15-4 Near Arnarstapi SVB 61.64 3794.06 0.0154 0.044 0.022017 220.17 Plagioclase
ICE15-4 Near Arnarstapi SVB 61.64 3794.06 0.0154 0.079 0.039530 395.30 Plagioclase
ICE15-4 Near Arnarstapi SVB 61.64 3794.06 0.0154 0.055 0.027521 275.21 Plagioclase
ICE15-4 Near Arnarstapi SVB 61.64 3794.06 0.0154 0.046 0.023017 230.17 Plagioclase
ICE15-4 Near Arnarstapi SVB 61.64 3794.06 0.0154 0.26 0.130098 1300.98 Plagioclase
ICE15-4 Near Arnarstapi SVB 61.64 3794.06 0.0154 0.164 0.082062 820.62 Plagioclase
ICE15-4 Near Arnarstapi SVB 61.64 3794.06 0.0154 0.113 0.056543 565.43 Plagioclase
ICE15-4 Near Arnarstapi SVB 61.64 3794.06 0.0154 0.024 0.012009 120.09 Plagioclase
ICE15-4 Near Arnarstapi SVB 61.64 3794.06 0.0154 0.036 0.018014 180.14 Plagioclase
ICE15-4 Near Arnarstapi SVB 61.64 3794.06 0.0154 0.147 0.073555 735.55 Plagioclase
ICE15-4 Near Arnarstapi SVB 61.64 3794.06 0.0154 0.064 0.032024 320.24 Plagioclase
ICE15-4 Near Arnarstapi SVB 61.64 3794.06 0.0154 0.161 0.080561 805.61 Plagioclase
ICE15-4 Near Arnarstapi SVB 61.64 3794.06 0.0154 0.027 0.013510 135.10 Plagioclase
ICE15-4 Near Arnarstapi SVB 61.64 3794.06 0.0154 0.035 0.017513 175.13 Plagioclase
ICE15-4 Near Arnarstapi SVB 61.64 3794.06 0.0154 0.093 0.046535 465.35 Plagioclase
ICE15-4 Near Arnarstapi SVB 61.64 3794.06 0.0154 0.133 0.066550 665.50 Plagioclase
ICE15-4 Near Arnarstapi SVB 61.64 3794.06 0.0154 0.036 0.018014 180.14 Plagioclase
ICE15-4 Near Arnarstapi SVB 61.64 3794.06 0.0154 0.068 0.034026 340.26 Plagioclase
ICE15-4 Near Arnarstapi SVB 61.64 3794.06 0.0154 0.239 0.119590 1195.90 Plagioclase
ICE15-4 Near Arnarstapi SVB 61.64 3794.06 0.0154 0.301 0.150613 1506.13 Plagioclase
ICE15-4 Near Arnarstapi SVB 61.64 3794.06 0.0154 0.066 0.033025 330.25 Plagioclase
ICE15-4 Near Arnarstapi SVB 61.64 3794.06 0.0154 0.082 0.041031 410.31 Plagioclase
ICE15-4 Near Arnarstapi SVB 61.64 3794.06 0.0154 0.096 0.048036 480.36 Plagioclase
ICE15-5 SVB 64.62 3415.23 0.0193 1.096 0.463656 4636.56 Olivine
ICE15-5 SVB 64.62 3415.23 0.0193 1.726 0.730173 7301.73 Olivine
ICE15-5 SVB 64.62 3415.23 0.0193 0.172 0.072764 727.64 Olivine
ICE15-5 SVB 64.62 3415.23 0.0193 0.5 0.211522 2115.22 Olivine
ICE15-5 SVB 64.62 3415.23 0.0193 0.248 0.104915 1049.15 Clinopyroxene
ICE15-5 SVB 64.62 3415.23 0.0193 0.269 0.113799 1137.99 Clinopyroxene
ICE15-5 SVB 64.62 3415.23 0.0193 0.267 0.112953 1129.53 Clinopyroxene
ICE15-5 SVB 64.62 3415.23 0.0193 0.621 0.262710 2627.10 Clinopyroxene
ICE15-5 SVB 64.62 3415.23 0.0193 0.421 0.178101 1781.01 Clinopyroxene
ICE15-5 SVB 64.62 3415.23 0.0193 0.973 0.411622 4116.22 Clinopyroxene
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Sample Volcano/Area Volcanic Zone
Molar 
Absorption 
Coefficient
Density 
(g/L)
Thickness 
(cm)
Height of 
spectrum
Water 
(wt%)
Water 
(ppm)
Host mineral
ICE15-8 Eiriksjokull WVZ 64.19 3620.71 0.0124 0.07 0.043768 437.68 Glass
ICE15-8 Eiriksjokull WVZ 64.19 3620.71 0.0124 0.132 0.082533 825.33 Glass
ICE15-8 Eiriksjokull WVZ 64.19 3620.71 0.0124 1.981 1.238626 12386.26 Glass
ICE15-8 Eiriksjokull WVZ 64.19 3620.71 0.0124 0.149 0.093163 931.63 Glass
ICE15-8 Eiriksjokull WVZ 64.19 3620.71 0.0124 0.435 0.271985 2719.85 Glass
ICE15-10 Skjaldbreidur WVZ 63.93 3647.48 0.018 0.118 0.050658 506.58 Olivine
ICE15-10 Skjaldbreidur WVZ 63.93 3647.48 0.018 0.203 0.087149 871.49 Olivine
ICE15-10 Skjaldbreidur WVZ 63.93 3647.48 0.018 0.273 0.117201 1172.01 Olivine
ICE15-10 Skjaldbreidur WVZ 63.93 3647.48 0.018 0.243 0.104322 1043.22 Olivine
ICE15-10 Skjaldbreidur WVZ 63.93 3647.48 0.018 0.21 0.090154 901.54 Olivine
ICE15-10 Skjaldbreidur WVZ 63.93 3647.48 0.018 0.113 0.048512 485.12 Clinopyroxene
ICE15-10 Skjaldbreidur WVZ 63.93 3647.48 0.018 0.558 0.239553 2395.53 Clinopyroxene
ICE15-10 Skjaldbreidur WVZ 63.93 3647.48 0.018 0.439 0.188466 1884.66 Clinopyroxene
ICE15-10 Skjaldbreidur WVZ 63.93 3647.48 0.018 0.568 0.243846 2438.46 Clinopyroxene
ICE15-10 Skjaldbreidur WVZ 63.93 3647.48 0.018 0.436 0.187178 1871.78 Clinopyroxene
ICE15-10 Skjaldbreidur WVZ 63.93 3647.48 0.018 0.485 0.208214 2082.14 Clinopyroxene
ICE15-10 Skjaldbreidur WVZ 63.93 3647.48 0.018 0.342 0.146823 1468.23 Clinopyroxene
ICE15-10 Skjaldbreidur WVZ 63.93 3647.48 0.018 0.347 0.148969 1489.69 Clinopyroxene
ICE15-10 Skjaldbreidur WVZ 63.93 3647.48 0.018 0.398 0.170864 1708.64 Clinopyroxene
ICE15-10 Skjaldbreidur WVZ 63.93 3647.48 0.018 0.714 0.306525 3065.25 Clinopyroxene
ICE15-10 Skjaldbreidur WVZ 63.93 3647.48 0.018 0.521 0.223669 2236.69 Clinopyroxene
ICE15-10 Skjaldbreidur WVZ 63.93 3647.48 0.018 0.34 0.145964 1459.64 Clinopyroxene
ICE15-10 Skjaldbreidur WVZ 63.93 3647.48 0.018 0.256 0.109902 1099.02 Clinopyroxene
ICE15-10 Skjaldbreidur WVZ 63.93 3647.48 0.018 0.277 0.118918 1189.18 Clinopyroxene
ICE15-10 Skjaldbreidur WVZ 63.93 3647.48 0.018 0.127 0.054522 545.22 Plagioclase
ICE15-10 Skjaldbreidur WVZ 63.93 3647.48 0.018 0.119 0.051087 510.87 Plagioclase
ICE15-10 Skjaldbreidur WVZ 63.93 3647.48 0.018 0.218 0.093589 935.89 Plagioclase
ICE15-12 Skjaldbreidur WVZ 63.12 3737.86 0.0179 0.203 0.086624 866.24 Olivine
ICE15-12 Skjaldbreidur WVZ 63.12 3737.86 0.0179 0.034 0.014508 145.08 Olivine
ICE15-12 Skjaldbreidur WVZ 63.12 3737.86 0.0179 0.371 0.158312 1583.12 Olivine
ICE15-12 Skjaldbreidur WVZ 63.12 3737.86 0.0179 0.201 0.085770 857.70 Olivine
ICE15-12 Skjaldbreidur WVZ 63.12 3737.86 0.0179 0.016 0.006827 68.27 Olivine
ICE15-12 Skjaldbreidur WVZ 63.12 3737.86 0.0179 0.153 0.065288 652.88 Olivine
ICE15-12 Skjaldbreidur WVZ 63.12 3737.86 0.0179 0.29 0.123748 1237.48 Olivine
ICE15-12 Skjaldbreidur WVZ 63.12 3737.86 0.0179 0.3 0.128015 1280.15 Olivine
ICE15-12 Skjaldbreidur WVZ 63.12 3737.86 0.0179 0.213 0.090891 908.91 Olivine
ICE15-12 Skjaldbreidur WVZ 63.12 3737.86 0.0179 0.342 0.145937 1459.37 Clinopyroxene
ICE15-12 Skjaldbreidur WVZ 63.12 3737.86 0.0179 0.311 0.132709 1327.09 Clinopyroxene
ICE15-12 Skjaldbreidur WVZ 63.12 3737.86 0.0179 0.45 0.192023 1920.23 Clinopyroxene
ICE15-12 Skjaldbreidur WVZ 63.12 3737.86 0.0179 0.229 0.097718 977.18 Clinopyroxene
ICE15-12 Skjaldbreidur WVZ 63.12 3737.86 0.0179 0.248 0.105826 1058.26 Clinopyroxene
ICE15-12 Skjaldbreidur WVZ 63.12 3737.86 0.0179 0.159 0.067848 678.48 Clinopyroxene
ICE15-12 Skjaldbreidur WVZ 63.12 3737.86 0.0179 0.258 0.110093 1100.93 Clinopyroxene
ICE15-12 Skjaldbreidur WVZ 63.12 3737.86 0.0179 0.243 0.103692 1036.92 Clinopyroxene
ICE15-12 Skjaldbreidur WVZ 63.12 3737.86 0.0179 0.243 0.103692 1036.92 Clinopyroxene
ICE15-12 Skjaldbreidur WVZ 63.12 3737.86 0.0179 0.102 0.043525 435.25 Clinopyroxene
ICE15-12 Skjaldbreidur WVZ 63.12 3737.86 0.0179 0.308 0.131429 1314.29 Clinopyroxene
ICE15-12 Skjaldbreidur WVZ 63.12 3737.86 0.0179 0.357 0.152338 1523.38 Plagioclase
ICE15-12 Skjaldbreidur WVZ 63.12 3737.86 0.0179 0.389 0.165993 1659.93 Plagioclase
ICE15-12 Skjaldbreidur WVZ 63.12 3737.86 0.0179 0.111 0.047366 473.66 Plagioclase
ICE15-12 Skjaldbreidur WVZ 63.12 3737.86 0.0179 0.256 0.109240 1092.40 Plagioclase
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Sample Volcano/Area Volcanic Zone
Molar 
Absorption 
Coefficient
Density 
(g/L)
Thickness 
(cm)
Height of 
spectrum
Water 
(wt%)
Water 
(ppm)
Host mineral
ICE15-13 Krafla NVZ 64.99 3508.98 0.012 0.048 0.031605 316.05 Olivine
ICE15-13 Krafla NVZ 64.99 3508.98 0.012 0.046 0.030288 302.88 Olivine
ICE15-13 Krafla NVZ 64.99 3508.98 0.012 0.124 0.081647 816.47 Olivine
ICE15-13 Krafla NVZ 64.99 3508.98 0.012 0.044 0.028972 289.72 Plagioclase
ICE15-13 Krafla NVZ 64.99 3508.98 0.012 0.203 0.133664 1336.64 Glass
ICE15-13 Krafla NVZ 64.99 3508.98 0.012 0.487 0.320663 3206.63 Glass
ICE15-13 Krafla NVZ 64.99 3508.98 0.012 0.31 0.204118 2041.18 Glass
ICE15-13 Krafla NVZ 64.99 3508.98 0.012 0.291 0.191608 1916.08 Glass
ICE15-13 Krafla NVZ 64.99 3508.98 0.012 0.34 0.223871 2238.71 Glass
ICE15-13 Krafla NVZ 64.99 3508.98 0.012 0.777 0.511612 5116.12 Glass
ICE15-13 Krafla NVZ 64.99 3508.98 0.012 0.321 0.211361 2113.61 Glass
ICE15-13 Krafla NVZ 64.99 3508.98 0.012 0.423 0.278522 2785.22 Glass
ICE15-13 Krafla NVZ 64.99 3508.98 0.012 0.236 0.155393 1553.93 Glass
ICE15-13 Krafla NVZ 64.99 3508.98 0.012 0.493 0.324613 3246.13 Glass
ICE15-15 NVZ 62.11 3857.25 0.0297 0.49 0.124092 1240.92 Olivine
ICE15-15 NVZ 62.11 3857.25 0.0297 0.359 0.090916 909.16 Olivine
ICE15-15 NVZ 62.11 3857.25 0.0297 0.035 0.008864 88.64 Olivine
ICE15-15 NVZ 62.11 3857.25 0.0297 0.136 0.034442 344.42 Olivine
ICE15-15 NVZ 62.11 3857.25 0.0297 0.171 0.043306 433.06 Olivine
ICE15-15 NVZ 62.11 3857.25 0.0297 0.26 0.065845 658.45 Olivine
ICE15-15 NVZ 62.11 3857.25 0.0297 0.108 0.027351 273.51 Olivine
ICE15-15 NVZ 62.11 3857.25 0.0297 0.049 0.012409 124.09 Olivine
ICE15-15 NVZ 62.11 3857.25 0.0297 0.11 0.027857 278.57 Olivine
ICE15-15 NVZ 62.11 3857.25 0.0297 0.252 0.063819 638.19 Olivine
ICE15-15 NVZ 62.11 3857.25 0.0297 0.085 0.021526 215.26 Olivine
ICE15-15 NVZ 62.11 3857.25 0.0297 0.047 0.011903 119.03 Olivine
ICE15-15 NVZ 62.11 3857.25 0.0297 0.075 0.018994 189.94 Olivine
ICE15-15 NVZ 62.11 3857.25 0.0297 0.178 0.045078 450.78 Olivine
ICE15-15 NVZ 62.11 3857.25 0.0297 0.294 0.074455 744.55 Olivine
ICE15-15 NVZ 62.11 3857.25 0.0297 0.446 0.112949 1129.49 Olivine
ICE15-15 NVZ 62.11 3857.25 0.0297 0.278 0.070403 704.03 Olivine
ICE15-15 NVZ 62.11 3857.25 0.0297 0.186 0.047104 471.04 Olivine
ICE15-15 NVZ 62.11 3857.25 0.0297 0.205 0.051916 519.16 Olivine
ICE15-15 NVZ 62.11 3857.25 0.0297 0.196 0.049637 496.37 Olivine
ICE15-15 NVZ 62.11 3857.25 0.0297 0.032 0.008104 81.04 Olivine
ICE15-15 NVZ 62.11 3857.25 0.0297 0.092 0.023299 232.99 Olivine
ICE15-15 NVZ 62.11 3857.25 0.0297 0.282 0.071416 714.16 Olivine
ICE15-15 NVZ 62.11 3857.25 0.0297 0.33 0.083572 835.72 Olivine
ICE15-15 NVZ 62.11 3857.25 0.0297 0.127 0.032163 321.63 Olivine
ICE15-15 NVZ 62.11 3857.25 0.0297 0.155 0.039254 392.54 Olivine
ICE15-15 NVZ 62.11 3857.25 0.0297 0.031 0.007851 78.51 Olivine
ICE15-15 NVZ 62.11 3857.25 0.0297 0.095 0.024059 240.59 Olivine
ICE15-15 NVZ 62.11 3857.25 0.0297 0.073 0.018487 184.87 Olivine
ICE15-15 NVZ 62.11 3857.25 0.0297 0.218 0.055208 552.08 Olivine
ICE15-15 NVZ 62.11 3857.25 0.0297 0.288 0.072936 729.36 Olivine
ICE15-15 NVZ 62.11 3857.25 0.0297 0.016 0.004052 40.52 Olivine
ICE15-15 NVZ 62.11 3857.25 0.0297 0.178 0.045078 450.78 Olivine
ICE15-21 Krafla NVZ 75.35 2562.29 0.0175 0.091 0.048536 485.36 Plagioclase
ICE15-21 Krafla NVZ 75.35 2562.29 0.0175 0.027 0.014401 144.01 Plagioclase
ICE15-21 Krafla NVZ 75.35 2562.29 0.0175 0.129 0.068803 688.03 Plagioclase
ICE15-21 Krafla NVZ 75.35 2562.29 0.0175 0.206 0.109872 1098.72 Plagioclase
ICE15-21 Krafla NVZ 75.35 2562.29 0.0175 0.159 0.084804 848.04 Plagioclase
ICE15-21 Krafla NVZ 75.35 2562.29 0.0175 0.086 0.045869 458.69 Plagioclase
ICE15-21 Krafla NVZ 75.35 2562.29 0.0175 0.131 0.069870 698.70 Quartz
ICE15-21 Krafla NVZ 75.35 2562.29 0.0175 0.308 0.164275 1642.75 Quartz
ICE15-21 Krafla NVZ 75.35 2562.29 0.0175 0.299 0.159474 1594.74 Quartz
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Sample Volcano/Area Volcanic Zone
Molar 
Absorption 
Coefficient
Density 
(g/L)
Thickness 
(cm)
Height of 
spectrum
Water 
(wt%)
Water 
(ppm)
Host mineral
ICE15-24 Krafla NVZ 65.06 3528.39 0.011 0.052 0.037106 371.06 Clinopyroxene
ICE15-24 Krafla NVZ 65.06 3528.39 0.011 0.088 0.062795 627.95 Clinopyroxene
ICE15-24 Krafla NVZ 65.06 3528.39 0.011 0.046 0.032824 328.24 Clinopyroxene
ICE15-24 Krafla NVZ 65.06 3528.39 0.011 0.06 0.042815 428.15 Clinopyroxene
ICE15-24 Krafla NVZ 65.06 3528.39 0.011 0.072 0.051377 513.77 Plagioclase
ICE15-24 Krafla NVZ 65.06 3528.39 0.011 0.177 0.126303 1263.03 Glass
ICE15-24 Krafla NVZ 65.06 3528.39 0.011 0.116 0.082775 827.75 Glass
ICE15-24 Krafla NVZ 65.06 3528.39 0.011 0.075 0.053518 535.18 Glass
ICE15-24 Krafla NVZ 65.06 3528.39 0.011 0.095 0.067790 677.90 Glass
ICE15-24 Krafla NVZ 65.06 3528.39 0.011 0.13 0.092765 927.65 Glass
ICE15-24 Krafla NVZ 65.06 3528.39 0.011 0.202 0.144142 1441.42 Glass
ICE15-24 Krafla NVZ 65.06 3528.39 0.011 0.02 0.014272 142.72 Glass
ICE15-24 Krafla NVZ 65.06 3528.39 0.011 0.083 0.059227 592.27 Glass
ICE15-24 Krafla NVZ 65.06 3528.39 0.011 0.111 0.079207 792.07 Glass
ICE15-24 Krafla NVZ 65.06 3528.39 0.011 0.135 0.096333 963.33 Glass
ICE15-24 Krafla NVZ 65.06 3528.39 0.011 0.131 0.093478 934.78 Glass
ICE15-24 Krafla NVZ 65.06 3528.39 0.011 0.158 0.112745 1127.45 Glass
ICE15-25 Krafla NVZ 65.06 3510.71 0.0092 0.063 0.054022 540.22 Clinopyroxene
ICE15-25 Krafla NVZ 65.06 3510.71 0.0092 0.124 0.106328 1063.28 Clinopyroxene
ICE15-25 Krafla NVZ 65.06 3510.71 0.0092 0.058 0.049734 497.34 Clinopyroxene
ICE15-25 Krafla NVZ 65.06 3510.71 0.0092 0.052 0.044589 445.89 Clinopyroxene
ICE15-25 Krafla NVZ 65.06 3510.71 0.0092 0.025 0.021437 214.37 Plagioclase
ICE15-25 Krafla NVZ 65.06 3510.71 0.0092 0.000000 0.00 Plagioclase
ICE15-25 Krafla NVZ 65.06 3510.71 0.0092 0.053 0.045447 454.47 Plagioclase
ICE15-25 Krafla NVZ 65.06 3510.71 0.0092 0.061 0.052307 523.07 Plagioclase
ICE15-25 Krafla NVZ 65.06 3510.71 0.0092 0.068 0.058309 583.09 Plagioclase
ICE15-25 Krafla NVZ 65.06 3510.71 0.0092 0.16 0.137198 1371.98 Plagiocalse
ICE15-25 Krafla NVZ 65.06 3510.71 0.0092 0.076 0.065169 651.69 Glass
ICE15-25 Krafla NVZ 65.06 3510.71 0.0092 0.078 0.066884 668.84 Glass
ICE15-25 Krafla NVZ 65.06 3510.71 0.0092 0.2 0.171497 1714.97 Glass
ICE15-25 Krafla NVZ 65.06 3510.71 0.0092 0.16 0.137198 1371.98 Glass
ICE15-25 Krafla NVZ 65.06 3510.71 0.0092 0.097 0.083176 831.76 Glass
ICE15-25 Krafla NVZ 65.06 3510.71 0.0092 0.159 0.136340 1363.40 Glass
ICE15-25 Krafla NVZ 65.06 3510.71 0.0092 0.11 0.094323 943.23 Glass
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Sample Volcano/Area Volcanic Zone
Molar 
Absorption 
Coefficient
Density 
(g/L)
Thickness 
(cm)
Height of 
spectrum
Water 
(wt%)
Water 
(ppm)
Host mineral
ICE15-28 EVZ 64.86 3529.58 0.0222 0.037 0.013120 131.20 Plagioclase
ICE15-28 EVZ 64.86 3529.58 0.0222 0.02 0.007092 70.92 Plagioclase
ICE15-28 EVZ 64.86 3529.58 0.0222 0.031 0.010992 109.92 Plagioclase
ICE15-28 EVZ 64.86 3529.58 0.0222 0.077 0.027304 273.04 Plagioclase
ICE15-28 EVZ 64.86 3529.58 0.0222 0.057 0.020212 202.12 Plagioclase
ICE15-28 EVZ 64.86 3529.58 0.0222 0.019 0.006737 67.37 Plagioclase
ICE15-28 EVZ 64.86 3529.58 0.0222 0.016 0.005673 56.73 Plagioclase
ICE15-28 EVZ 64.86 3529.58 0.0222 0.026 0.009219 92.19 Plagioclase
ICE15-28 EVZ 64.86 3529.58 0.0222 0.022 0.007801 78.01 Plagioclase
ICE15-28 EVZ 64.86 3529.58 0.0222 0.016 0.005673 56.73 Plagioclase
ICE15-28 EVZ 64.86 3529.58 0.0222 0.035 0.012411 124.11 Plagioclase
ICE15-28 EVZ 64.86 3529.58 0.0222 0.029 0.010283 102.83 Plagioclase
ICE15-28 EVZ 64.86 3529.58 0.0222 0.017 0.006028 60.28 Plagioclase
ICE15-28 EVZ 64.86 3529.58 0.0222 0.03 0.010638 106.38 Plagioclase
ICE15-28 EVZ 64.86 3529.58 0.0222 0.02 0.007092 70.92 Plagioclase
ICE15-28 EVZ 64.86 3529.58 0.0222 0.048 0.017020 170.20 Plagioclase
ICE15-28 EVZ 64.86 3529.58 0.0222 0.006 0.002128 21.28 Plagioclase
ICE15-28 EVZ 64.86 3529.58 0.0222 0.017 0.006028 60.28 Plagioclase
ICE15-28 EVZ 64.86 3529.58 0.0222 0.033 0.011702 117.02 Plagioclase
ICE15-28 EVZ 64.86 3529.58 0.0222 0.042 0.014893 148.93 Plagioclase
ICE15-28 EVZ 64.86 3529.58 0.0222 0.253 0.089712 897.12 Plagioclase
ICE15-28 EVZ 64.86 3529.58 0.0222 0.03 0.010638 106.38 Plagioclase
ICE15-28 EVZ 64.86 3529.58 0.0222 0.045 0.015957 159.57 Plagioclase
ICE15-28 EVZ 64.86 3529.58 0.0222 0.024 0.008510 85.10 Plagioclase
ICE15-28 EVZ 64.86 3529.58 0.0222 0.04 0.014184 141.84 Plagioclase
ICE15-28 EVZ 64.86 3529.58 0.0222 0.063 0.022339 223.39 Plagioclase
ICE15-28 EVZ 64.86 3529.58 0.0222 0.045 0.015957 159.57 Plagioclase
ICE15-28 EVZ 64.86 3529.58 0.0222 0.021 0.007446 74.46 Plagioclase
ICE15-28 EVZ 64.86 3529.58 0.0222 0.045 0.015957 159.57 Plagioclase
ICE15-28 EVZ 64.86 3529.58 0.0222 0.07 0.024822 248.22 Plagioclase
ICE15-28 EVZ 64.86 3529.58 0.0222 0.028 0.009929 99.29 Plagioclase
ICE15-28 EVZ 64.86 3529.58 0.0222 0.056 0.019857 198.57 Plagioclase
ICE15-29 EVZ 63.36 3589.66 0.0133 0.135 0.080422 804.22 Plagioclase 
ICE15-29 EVZ 63.36 3589.66 0.0133 0.087 0.051828 518.28 Plagioclase 
ICE15-29 EVZ 63.36 3589.66 0.0133 0.21 0.125101 1251.01 Plagioclase 
ICE15-29 EVZ 63.36 3589.66 0.0133 0.113 0.067316 673.16 Plagioclase 
ICE15-29 EVZ 63.36 3589.66 0.0133 0.062 0.036935 369.35 Plagioclase 
ICE15-29 EVZ 63.36 3589.66 0.0133 0.007 0.004170 41.70 Plagioclase
ICE15-29 EVZ 63.36 3589.66 0.0133 0.153 0.091145 911.45 Plagioclase
ICE15-31 Torfajokull EVZ 66.43 3353.25 0.0126 0.103 0.066132 661.32 Olivine
ICE15-31 Torfajokull EVZ 66.43 3353.25 0.0126 0.061 0.039165 391.65 Clinopyroxene
ICE15-31 Torfajokull EVZ 66.43 3353.25 0.0126 0.007 0.004494 44.94 Plagioclase
ICE15-31 Torfajokull EVZ 66.43 3353.25 0.0126 0.031 0.019904 199.04 Plagioclase
ICE15-31 Torfajokull EVZ 66.43 3353.25 0.0126 0.112 0.071910 719.10 Plagioclase
ICE15-31 Torfajokull EVZ 66.43 3353.25 0.0126 0.083 0.053291 532.91 Plagioclase
ICE15-31 Torfajokull EVZ 66.43 3353.25 0.0126 0.111 0.071268 712.68 Plagioclase
ICE15-31 Torfajokull EVZ 66.43 3353.25 0.0126 0.049 0.031461 314.61 Plagioclase
ICE15-31 Torfajokull EVZ 66.43 3353.25 0.0126 0.081 0.052006 520.06 Plagioclase
ICE15-31 Torfajokull EVZ 66.43 3353.25 0.0126 0.06 0.038523 385.23 Plagioclase
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ELECTRON MICROPROBE DATA FOR ICELAND SAMPLES 
Data is organized by sample and phenocryst type 
 
 
Sample ICE15-1
Olivine
Sample SiO2 SO2 TiO2 Al2O3 MgO CaO MnO FeO total
ICE15-1 32.014 0 0.0198 0.0007 17.0126 0.2804 1.6017 47.7428 98.672 mo: 0.45 fo: 38.23 fa: 60.18 li: 0 te: 2.04
ICE15-1 31.0967 0 0.0212 0.0089 16.9968 0.2985 1.6716 48.1672 98.2609 mo: 0.48 fo: 37.98 fa: 60.38 li: 0 te: 2.12
ICE15-1 33.0605 0 0.0454 0 16.045 0.2724 1.7586 48.2007 99.3826 mo: 0.45 fo: 36.56 fa: 61.61 li: 0 te: 2.28
ICE15-1 32.9173 0 0.0487 0.007 15.016 0.3616 1.9437 48.8573 99.1516 mo: 0.6 fo: 34.7 fa: 63.34 li: 0 te: 2.55
Clinopyroxene
Sample SiO2 TiO2 Al2O3 Fe2O3 MgO CaO MnO FeO Na2O K2O total
ICE15-1 48.288 0.6097 1.4856 3.2451 9.7604 18.5755 0.895 14.5559 0.3514 0 97.7665 wo: 42 en: 30.71 fs: 27.29
ICE15-1 48.0939 0.5921 1.5003 3.804 9.836 18.6909 0.8868 13.8854 0.3833 0 97.6728 wo: 42.56 en: 31.16 fs: 26.28
ICE15-1 50.2916 0.5117 1.4002 1.0842 10.6753 19.456 0.815 14.1563 0.3577 0 98.748 wo: 42.29 en: 32.29 fs: 25.42
ICE15-1 48.4341 0.5036 1.2643 4.1075 10.8252 19.6195 0.787 11.6195 0.3275 0 97.4883 wo: 44.21 en: 33.94 fs: 21.84
ICE15-1 47.4586 0.8085 2.1735 5.4235 11.5544 18.8458 0.7106 10.3071 0.3683 0 97.6502 wo: 43.29 en: 36.93 fs: 19.77
ICE15-1 47.8626 0.8197 2.0467 4.52 11.6211 18.0204 0.7624 11.5605 0.3954 0 97.6088 wo: 41.13 en: 36.9 fs: 21.97
ICE15-1 50.0588 0.5134 1.3553 2.3183 11.2201 19.7982 0.7337 12.6276 0.3415 0 98.9669 wo: 43.18 en: 34.05 fs: 22.76
ICE15-1 50.1699 0.5531 1.479 2.2419 11.0957 20.0253 0.742 12.6792 0.35 0 99.3362 wo: 43.58 en: 33.6 fs: 22.82
ICE15-1 50.064 0.4943 1.234 1.6845 12.2123 15.1518 1.1219 16.7405 0.2697 0 98.9728 wo: 32.87 en: 36.86 fs: 30.27
ICE15-1 49.2056 0.8266 2.4094 3.2953 10.9978 19.0785 0.7866 12.9254 0.3907 0 99.9159 wo: 42.31 en: 33.94 fs: 23.75
Plagioclase
Sample SiO2 Al2O3 CaO FeO Na2O K2O total
ICE15-1 57.19 25.6716 8.3129 0.3423 6.5111 0.4694 98.4972 ab: 57.05 or: 2.71 an: 40.25 cs: 0
ICE15-1 58.0657 25.6969 7.85 0.2435 6.6979 0.5406 99.0947 ab: 58.8 or: 3.12 an: 38.08 cs: 0
ICE15-1 58.6878 25.3248 7.4656 0.2421 6.9238 0.5703 99.2145 ab: 60.6 or: 3.28 an: 36.11 cs: 0
ICE15-1 58.6945 25.5478 7.6725 0.1986 6.8108 0.5395 99.4637 ab: 59.71 or: 3.11 an: 37.17 cs: 0
ICE15-1 56.8711 25.1171 7.8366 0.2176 6.8237 0.5459 97.4119 ab: 59.27 or: 3.12 an: 37.61 cs: 0
ICE15-1 56.9493 25.5041 7.7062 0.2394 6.763 0.5406 97.7025 ab: 59.44 or: 3.13 an: 37.43 cs: 0
ICE15-1 57.6086 26.0048 8.256 0.2284 6.595 0.4635 99.1562 ab: 57.54 or: 2.66 an: 39.8 cs: 0
ICE15-1 58.0472 26.0949 8.1776 0.2963 6.4491 0.4709 99.5361 ab: 57.18 or: 2.75 an: 40.07 cs: 0
ICE15-1 57.9743 26.2998 8.1388 0.2854 6.4328 0.4695 99.6005 ab: 57.24 or: 2.75 an: 40.02 cs: 0
ICE15-1 58.5885 22.7594 6.2646 1.1187 6.3439 1.6708 96.7459 ab: 58.17 or: 10.08 an: 31.74 cs: 0
ICE15-1 55.0509 25.4602 8.1647 0.3763 6.3384 0.6406 96.0312 ab: 56.23 or: 3.74 an: 40.03 cs: 0
ICE15-1 56.9375 25.069 7.4767 0.4619 6.761 0.9952 97.7013 ab: 58.55 or: 5.67 an: 35.78 cs: 0
ICE15-1 55.5816 25.6007 8.2135 0.3151 6.24 0.5794 96.5304 ab: 55.91 or: 3.42 an: 40.67 cs: 0
ICE15-1 62.0211 14.6925 2.0285 6.0042 5.5098 4.8345 95.0907 ab: 56.16 or: 32.42 an: 11.42 cs: 0
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Sample ICE15-4
Olivine
Sample SiO2 SO2 TiO2 Al2O3 MgO CaO MnO FeO total
ICE15-4 38.403 0 0.0255 0.0462 45.4124 0.2826 0.2045 13.4544 97.8285 mo:  0.38 fo: 85.89 fa: 14.28 li:  0.00 te:  0.22
ICE15-4 38.9991 0 0.016 0.0641 43.5612 0.2922 0.2333 15.384 98.5499 mo:  0.40 fo: 83.59 fa: 16.56 li:  0.00 te:  0.25
ICE15-4 38.4936 0 0.0225 0.0629 39.641 0.2698 0.3582 19.4885 98.3365 mo:  0.38 fo: 78.37 fa: 21.61 li:  0.00 te:  0.40
ICE15-4 38.0279 0 0.0263 0.0414 42.7167 0.2586 0.2926 17.0514 98.4149 mo:  0.36 fo: 81.73 fa: 18.30 li:  0.00 te:  0.32
Clinopyroxene
Sample SiO2 TiO2 Al2O3 Fe2O3 MgO CaO MnO FeO Na2O K2O total
ICE15-4 49.471 1.0117 5.7519 1.6684 14.9135 21.527 0.1343 3.9148 0.3974 0.0023 98.7923 wo: 47.38 en: 45.67 fs:  6.96
ICE15-4 47.8806 1.8244 6.1685 2.8014 14.1791 21.239 0.1583 4.0293 0.4757 0.004 98.7604 wo: 48.01 en: 44.60 fs:  7.39
ICE15-4 48.4204 1.0924 5.919 3.0222 15.1526 20.757 0.1198 3.2197 0.4105 0.0108 98.1242 wo: 46.70 en: 47.43 fs:  5.87
Plagioclase
Sample SiO2 Al2O3 CaO FeO Na2O K2O total
ICE15-4 47.1815 33.1124 16.6058 0.4735 2.0099 0.0807 99.4638 ab: 17.88 or:  0.47 an: 81.65 cs:  0.00
ICE15-4 46.0747 32.9086 16.5121 0.5158 2.017 0.0839 98.1121 ab: 18.01 or:  0.49 an: 81.49 cs:  0.00
ICE15-4 48.1847 31.3177 15.0516 0.5065 2.9075 0.1647 98.1326 ab: 25.65 or:  0.96 an: 73.39 cs:  0.00
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Sample ICE15-8
Olivine
Sample SiO2 SO2 TiO2 Al2O3 MgO CaO MnO FeO total
ICE15-8 40.3625 0.0247 0.0053 0.0699 42.093 0.2998 0.2289 13.7374 96.8215 mo: 0.43 fo: 84.67 fa: 15.5 li: 0 te: 0.26
ICE15-8 38.511 0.0041 0.0194 0.0753 44.0203 0.3066 0.2645 16.3982 99.5994 mo: 0.41 fo: 82.82 fa: 17.31 li: 0 te: 0.28
ICE15-8 39.3615 0.0105 0.0253 0.0754 46.3465 0.2473 0.2532 13.7305 100.0502 mo: 0.33 fo: 85.8 fa: 14.26 li: 0 te: 0.27
ICE15-8 39.2484 0.0073 0.0021 0.0577 45.3796 0.2696 0.2158 14.9098 100.0904 mo: 0.36 fo: 84.55 fa: 15.58 li: 0 te: 0.23
ICE15-8 38.5184 0.0373 0.0242 0.0651 44.5429 0.3022 0.2326 15.0867 98.8093 mo: 0.41 fo: 84.17 fa: 15.99 li: 0 te: 0.25
ICE15-8 38.5742 0 0.0131 0.0597 45.5412 0.2714 0.2455 14.7433 99.4484 mo: 0.36 fo: 84.72 fa: 15.39 li: 0 te: 0.26
ICE15-8 38.6172 0 0.0221 0.5277 44.3993 0.2965 0.2299 14.6197 98.7124 mo: 0.41 fo: 84.54 fa: 15.62 li: 0 te: 0.25
ICE15-8 38.9485 0 0.0105 0.0642 45.0495 0.272 0.2594 15.2913 99.8954 mo: 0.36 fo: 84.08 fa: 16.01 li: 0 te: 0.28
ICE15-8 39.5466 0 0.0095 0.0614 45.7485 0.2817 0.1961 14.3836 100.2274 mo: 0.38 fo: 85.15 fa: 15.02 li: 0 te: 0.21
ICE15-8 39.1502 0.0136 0.0142 0.0485 45.9186 0.2878 0.2172 14.3572 100.0073 mo: 0.38 fo: 85.21 fa: 14.95 li: 0 te: 0.23
ICE15-8 39.7663 0.0373 0.0247 0.0475 46.0305 0.3108 0.2046 13.9449 100.3666 mo: 0.42 fo: 85.64 fa: 14.56 li: 0 te: 0.22
ICE15-8 39.4372 0.0199 0.0347 0.053 44.8685 0.3166 0.2225 15.0993 100.0517 mo: 0.43 fo: 84.28 fa: 15.91 li: 0 te: 0.24
Plagioclase
Sample SiO2 Al2O3 CaO FeO Na2O K2O total
ICE15-8 46.7361 32.4774 16.9477 0.4649 1.907 0.0228 98.556 ab: 16.9 or: 0.13 an: 82.97 cs: 0
ICE15-8 49.2523 28.1997 14.0678 1.4255 2.1552 0.089 95.1894 ab: 21.58 or: 0.59 an: 77.84 cs: 0
ICE15-8 44.006 30.8345 16.0066 0.4025 1.8714 0.0169 93.138 ab: 17.44 or: 0.1 an: 82.45 cs: 0
ICE15-8 46.8093 31.2909 15.8911 0.4257 2.2812 0.0224 96.7206 ab: 20.59 or: 0.13 an: 79.27 cs: 0
ICE15-8 46.6327 31.647 16.3794 0.4243 2.1125 0.0206 97.2164 ab: 18.9 or: 0.12 an: 80.98 cs: 0
ICE15-8 46.7638 30.8609 15.7393 0.3634 2.2166 0.022 95.966 ab: 20.28 or: 0.13 an: 79.59 cs: 0
ICE15-8 47.3553 32.2392 14.8605 0.5614 1.8459 0.0284 96.8907 ab: 18.32 or: 0.19 an: 81.5 cs: 0
ICE15-8 45.8431 31.5848 16.3971 0.4026 2.1104 0.016 96.3541 ab: 18.87 or: 0.09 an: 81.03 cs: 0
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Sample ICE15-10
Olivine
Sample SiO2 SO2 TiO2 Al2O3 MgO CaO MnO FeO total
ICE15-10 38.0336 0.0081 0.0161 0.0487 42.8343 0.3348 0.191 18.0841 99.5507 mo: 0.46 fo: 81.05 fa: 19.2 li: 0 te: 0.21
ICE15-10 38.6696 0 0 0.0605 42.713 0.3446 0.2136 17.8643 99.8656 mo: 0.47 fo: 81.19 fa: 19.05 li: 0 te: 0.23
ICE15-10 38.0671 0.0066 0.014 0.0413 42.8935 0.3418 0.2304 17.7639 99.3586 mo: 0.47 fo: 81.32 fa: 18.89 li: 0 te: 0.25
ICE15-10 38.8893 0 0.001 0.0385 43.105 0.3349 0.1927 17.421 99.9824 mo: 0.46 fo: 81.72 fa: 18.53 li: 0 te: 0.21
ICE15-10 39.1088 0.03 0.013 0.0777 41.6843 0.3649 0.2665 18.6979 100.2431 mo: 0.5 fo: 80.07 fa: 20.15 li: 0 te: 0.29
ICE15-10 38.922 0 0.0276 0.0559 42.7999 0.3419 0.222 17.6608 100.0302 mo: 0.47 fo: 81.39 fa: 18.84 li: 0 te: 0.24
ICE15-10 38.2544 0 0.0202 0.0476 42.1354 0.3827 0.2341 18.7625 99.837 mo: 0.52 fo: 80.23 fa: 20.04 li: 0 te: 0.25
ICE15-10 38.9834 0 0.0068 0.0624 43.5112 0.2949 0.2295 16.5949 99.683 mo: 0.4 fo: 82.5 fa: 17.65 li: 0 te: 0.25
ICE15-10 38.6766 0 0.0099 0.0441 43.8207 0.3365 0.1942 16.906 99.9879 mo: 0.45 fo: 82.41 fa: 17.84 li: 0 te: 0.21
Plagioclase
Sample SiO2 Al2O3 CaO FeO Na2O K2O total
ICE15-10 45.9549 31.7583 16.2512 0.4669 2.0463 0.026 96.5035 ab: 18.53 or: 0.15 an: 81.32 cs: 0
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Sample ICE15-12
Olivine
Sample SiO2 SO2 TiO2 Al2O3 MgO CaO MnO FeO total
ICE15-12 37.8815 0.0091 0.0351 0.1205 41.2243 0.3676 0.2439 15.2585 95.1404 mo:  0.53 fo: 83.02 fa: 17.24 li:  0.00 te:  0.28
ICE15-12 38.563 0 0.0273 0.0791 43.428 0.3234 0.2271 15.6215 98.2695 mo:  0.45 fo: 83.37 fa: 16.82 li:  0.00 te:  0.25
ICE15-12 38.4705 0.0122 0 0.0517 42.6841 0.3188 0.266 16.4401 98.2434 mo:  0.44 fo: 82.36 fa: 17.79 li:  0.00 te:  0.29
ICE15-12 38.0983 0.0264 0.0336 0.05 44.0371 0.3244 0.2104 15.19 97.9702 mo:  0.44 fo: 83.97 fa: 16.25 li:  0.00 te:  0.23
ICE15-12 37.7993 0.0107 0.0194 0.0327 43.2694 0.3039 0.2899 16.2161 97.9414 mo:  0.42 fo: 82.71 fa: 17.39 li:  0.00 te:  0.31
ICE15-12 38.3641 0.0044 0.0054 0.0509 43.1167 0.3193 0.302 17.1672 99.3299 mo:  0.44 fo: 81.83 fa: 18.28 li:  0.00 te:  0.33
ICE15-12 38.2256 0 0.0231 0.0399 43.3798 0.3344 0.2392 16.5513 98.7934 mo:  0.46 fo: 82.53 fa: 17.67 li:  0.00 te:  0.26
ICE15-12 38.8993 0.0107 0.0413 0.0451 41.7427 0.3609 0.2139 16.4436 97.7574 mo:  0.51 fo: 82.12 fa: 18.15 li:  0.00 te:  0.24
ICE15-12 38.4505 0.031 0.0204 0.0395 38.8153 0.3073 0.2724 16.509 94.4454 mo:  0.46 fo: 80.85 fa: 19.29 li:  0.00 te:  0.32
ICE15-12 38.2868 0.02 0.0199 0.0307 41.3975 0.3625 0.282 17.5894 97.9888 mo:  0.51 fo: 80.91 fa: 19.29 li:  0.00 te:  0.31
Plagioclase
Sample SiO2 Al2O3 CaO FeO Na2O K2O total
ICE15-12 47.2347 32.6848 16.9532 0.5136 1.979 0.0088 99.3741  ab: 17.43  or:  0.05 an: 82.52 cs:  0.00
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Sample ICE15-15
Olivine
Sample SiO2 SO2 TiO2 Al2O3 MgO CaO MnO FeO total
ICE15-15 39.4887 0 0.0073 0.1129 47.9399 0.3139 0.1582 10.7539 98.7748 mo:  0.42 fo: 89.05 fa: 11.21 li:  0.00 te:  0.17
ICE15-15 39.7133 0 0.0079 0.0862 47.2978 0.3613 0.1482 11.4282 99.0427 mo:  0.49 fo: 88.35 fa: 11.98 li:  0.00 te:  0.16
ICE15-15 39.4504 0 0.0068 0.0883 48.9606 0.3327 0.1215 9.7727 98.7331 mo:  0.44 fo: 90.21 fa: 10.10 li:  0.00 te:  0.13
ICE15-15 41.2218 0 0.0015 0.1162 49.5446 0.3364 0.1575 8.5234 99.9015 mo:  0.45 fo: 91.45 fa:  8.83 li:  0.00 te:  0.17
ICE15-15 40.9986 0.0014 0.01 0.0633 49.9486 d 0.0804 8.2871 99.7753 mo:  0.51 fo: 91.88 fa:  8.55 li:  0.00 te:  0.08
ICE15-15 40.9837 0.0189 0.0042 0.0981 50.2427 0.4129 0.0819 7.8033 99.6457 mo:  0.55 fo: 92.41 fa:  8.05 li:  0.00 te:  0.09
ICE15-15 41.0549 0 0.0154 0.0678 49.9419 0.4042 0.0576 7.7843 99.3261 mo:  0.54 fo: 92.40 fa:  8.08 li:  0.00 te:  0.06
ICE15-15 41.0566 0 0.0127 0.1195 47.9255 0.2973 0.0958 9.7807 99.288 mo:  0.40 fo: 90.00 fa: 10.30 li:  0.00 te:  0.10
ICE15-15 39.5051 0.0061 0.0158 0.0992 48.8857 0.312 0.1312 10.1894 99.1446 mo:  0.41 fo: 89.78 fa: 10.50 li:  0.00 te:  0.14
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Sample ICE15-25
Olivine
Sample SiO2 SO2 TiO2 Al2O3 MgO CaO MnO FeO total
ICE15-25 38.6273 0 1.5445 1.6184 20.9371 1.1739 0.4481 33.9833 98.3325 mo: 2.14 fo: 53.12 fa: 48.37 li: 0 te: 0.65
ICE15-25 36.2637 0 0 0.0402 33.6726 0.3478 0.385 29.5516 100.261 mo: 0.5 fo: 67.05 fa: 33.01 li: 0 te: 0.44
ICE15-25 35.6548 0 0.0146 0 32.8803 0.3902 0.4061 30.2761 99.6221 mo: 0.56 fo: 66 fa: 34.09 li: 0 te: 0.46
ICE15-25 35.6494 0.0047 0 0.0145 32.4541 0.3445 0.4209 30.4629 99.3511 mo: 0.5 fo: 65.52 fa: li: 0 te: 0.48
Plagioclase
Sample SiO2 Al2O3 CaO FeO Na2O K2O total
ICE15-25 51.9322 29.5331 13.3352 0.7892 3.6712 0.0909 99.3518 ab: 33.07 or: 0.54 an: 66.39 cs: 0
ICE15-25 48.6109 31.6536 15.5629 0.7649 2.4979 0.0759 99.1661 ab: 22.41 or: 0.45 an: 77.14 cs: 0
ICE15-25 51.4323 27.8663 12.2286 0.7574 3.7959 0.1045 96.1852 ab: 35.74 or: 0.65 an: 63.62 cs: 0
ICE15-25 50.3624 30.7179 12.8843 0.7296 3.319 0.0961 98.1093 ab: 31.6 or: 0.6 an: 67.79 cs: 0
ICE15-25 49.9177 30.9811 15.0206 0.7689 2.7999 0.0815 99.5697 ab: 25.1 or: 0.48 an: 74.42 cs: 0
ICE15-25 48.7413 31.4645 15.469 0.7548 2.6245 0.0708 99.125 ab: 23.39 or: 0.42 an: 76.19 cs: 0
ICE15-25 53.7047 31.0467 14.037 0.7051 2.3124 0.129 101.9349 ab: 22.77 or: 0.84 an: 76.39 cs: 0
ICE15-25 48.3887 30.6062 15.1395 0.7585 2.4726 0.1119 97.4774 ab: 22.66 or: 0.67 an: 76.67 cs: 0
ICE15-25 51.4633 29.3553 13.4683 0.7887 3.6537 0.1046 98.8339 ab: 32.72 or: 0.62 an: 66.66 cs: 0
ICE15-25 52.1828 28.7706 12.9619 0.748 4.035 0.118 98.8163 ab: 35.79 or: 0.69 an: 63.53 cs: 0
ICE15-25 45.129 5.7128 16.2873 15.8341 0.639 0.0984 83.7008 ab: 6.59 or: 0.67 an: 92.75 cs: 0
ICE15-25 48.3507 13.0755 11.4905 14.0392 2.4149 0.1133 89.4842 ab: 27.32 or: 0.84 an: 71.84 cs: 0
ICE15-25 50.409 30.4479 14.3869 0.6554 3.3033 0.0696 99.2721 ab: 29.23 or: 0.41 an: 70.36 cs: 0
ICE15-25 50.5099 30.3505 14.3398 0.5737 3.3186 0.0792 99.1718 ab: 29.38 or: 0.46 an: 70.16 cs: 0
ICE15-25 47.9144 28.9607 13.7608 0.5915 3.453 0.0531 94.7334 ab: 31.13 or: 32 an: 68.55 cs: 0
ICE15-25 50.1886 30.0638 14.1035 0.6227 3.3239 0.0957 98.3982 ab: 29.73 or: 0.56 an: 69.71 cs: 0
ICE15-25 49.6042 28.0122 14.6088 3.1496 2.5673 0.0861 98.0282 ab: 24 or: 0.53 an: 75.47 cs: 0
ICE15-25 47.7595 31.7953 16.1104 0.6807 2.2801 0.0497 98.6758 ab: 20.33 or: 0.29 an: 79.38 cs: 0
ICE15-25 46.3089 30.0242 14.6217 0.6497 2.5224 0.0471 94.1739 ab: 23.72 or: 0.29 an: 75.99 cs: 0
ICE15-25 47.5865 29.5851 15.1313 0.666 2.4527 0.0525 95.4742 ab: 22.61 or: 0.32 an: 77.07 cs: 0
ICE15-25 46.8941 31.5013 16.0572 0.7011 2.2231 0.0684 97.4452 ab: 19.95 or: 0.4 an: 79.64 cs: 0
ICE15-25 50.8016 29.2117 13.3825 0.7437 3.5842 0.116 97.8396 ab: 32.42 or: 0.69 an: 66.89 cs: 0
ICE15-25 49.405 31.7422 15.5975 0.6171 2.4875 0.0589 99.9082 ab: 22.32 or: 0.35 an: 77.33 cs: 0
ICE15-25 50.2701 31.0964 14.8805 0.6485 3.0739 0.07 100.0394 ab: 27.1 or: 0.41 an: 72.49 cs: 0
ICE15-25 49.3037 31.7485 15.4268 0.6767 2.7427 0.0599 99.9582 ab: 24.26 or: 0.35 an: 75.39 cs: 0
ICE15-25 49.5801 31.4558 15.1016 0.6685 2.8118 0.0699 99.6878 ab: 25.1 or: 0.41 an: 74.49 cs: 0
ICE15-25 49.4456 31.4805 15.1957 0.7297 2.7662 0.0567 99.6744 ab: 24.7 or: 0.33 an: 74.97 cs: 0
ICE15-25 54.9869 34.0815 14.5727 0.6296 2.9789 0.0588 107.3083 ab: 26.91 or: 0.35 an: 72.74 cs: 0
ICE15-25 19.7909 7.9002 13.5494 0.5015 1.989 0.0669 43.7978 ab: 20.89 or: 0.46 an: 78.65 cs: 0
ICE15-25 47.7864 32.4161 15.953 0.6072 2.1707 0.0543 98.9877 ab: 19.69 or: 0.32 an: 79.98 cs: 0
ICE15-25 48.9503 31.2855 15.0938 0.6453 2.7904 0.0667 98.8319 ab: 24.97 or: 0.39 an: 74.64 cs: 0
ICE15-25 47.145 31.818 16.2247 0.5664 2.2889 0.0611 98.104 ab: 20.26 or: 0.36 an: 79.38 cs: 0
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Sample ICE15-28
Plagioclase
Sample SiO2 Al2O3 CaO FeO Na2O K2O total
ICE15-28 46.0569 33.2702 17.4904 0.6137 1.6083 0.0356 99.075 ab: 14.24 or:  0.21 an: 85.56 cs:  0.00
ICE15-28 45.7191 33.2973 17.4329 0.5393 1.6939 0.0229 98.7054 ab: 14.93 or:  0.13 an: 84.93 cs:  0.00
ICE15-28 46.9477 33.2494 17.1436 0.5827 1.625 0.0279 99.5765 ab: 14.62 or:  0.17 an: 85.22 cs:  0.00
ICE15-28 46.5141 34.1301 17.6745 0.5366 1.4319 0.0306 100.3177 ab: 12.76 or:  0.18 an: 87.06 cs:  0.00
ICE15-28 45.166 33.5798 17.662 0.5974 1.4829 0.0224 98.5105 ab: 13.17 or:  0.13 an: 86.70 cs:  0.00
ICE15-28 45.9221 32.8282 16.8178 0.6746 1.8458 0.0347 98.1232 ab: 16.54 or:  0.20 an: 83.26 cs:  0.00
ICE15-28 46.5559 33.4221 17.2258 0.6653 1.674 0.0279 99.5709 ab: 14.93 or:  0.16 an: 84.91 cs:  0.00
ICE15-28 47.9813 32.9319 16.3364 0.5787 2.0337 0.0443 99.9063 ab: 18.34 or:  0.26 an: 81.40 cs:  0.00
ICE15-28 47.5564 33.4928 16.9239 0.607 1.8388 0.037 100.4559 ab: 16.40 or:  0.22 an: 83.39 cs:  0.00
ICE15-28 45.6457 33.2009 17.4873 0.6149 1.6171 0.031 98.5969 ab: 14.31 or:  0.18 an: 85.51 cs:  0.00
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Sample ICE15-29
Clinopyroxene
Sample SiO2 TiO2 Al2O3 Fe2O3 MgO CaO MnO FeO Na2O K2O total
ICE15-29 56.2582 0.177 25.2187 0 0.377 8.7674 0.0336 1.1313 6.1833 0.5296 98.6761 wo: 85.94 en: 5.14 fs: 8.92
ICE15-29 49.1336 1.7435 3.007 3.1283 14.2554 19.3731 0.2949 7.9231 0.3909 0.0175 99.2673 wo: 42.46 en: 43.47 fs: 14.07
ICE15-29 50.1631 1.3934 2.1284 2.448 14.4944 19.8859 0.2323 7.9337 0.3598 0.0275 99.0665 wo: 42.83 en: 43.44 fs: 13.73
ICE15-29 54.6929 0.6496 9.1786 0 10.7335 12.5402 0.1859 7.0205 2.5027 1.4711 98.9749 wo: 37.88 en: 45.12 fs: 17
ICE15-29 49.6884 1.0629 3.4249 3.8891 15.8485 18.6337 0.3098 6.2446 0.3469 0.0262 99.475 wo: 40.68 en: 48.14 fs: 11.18
ICE15-29 48.2116 1.5456 4.1923 5.2742 15.5897 18.2267 0.2706 5.92 0.3529 0.0221 99.6056 wo: 40.73 en: 48.47 fs: 10.8
ICE15-29 50.1707 1.2409 2.1286 4.0597 15.7726 18.9941 0.2536 6.8268 0.3233 0.0243 99.7945 wo: 40.87 en: 47.23 fs: 11.9
ICE15-29 48.5039 1.6575 4.41 4.3706 15.4439 18.1111 0.2547 6.8267 0.35 0.0158 99.9441 wo: 40.13 en: 47.62 fs: 12.25
ICE15-29 49.0278 1.253 3.8255 4.4552 16.1404 17.334 0.3089 7.0036 0.3039 0.0153 99.6677 wo: 38.09 en: 49.35 fs: 12.55
ICE15-29 49.3571 1.345 4.0527 4.2294 15.5003 18.6776 0.279 6.7927 0.3398 0.0058 100.5794 wo: 40.81 en: 47.12 fs: 12.07
ICE15-29 50.6419 0.7783 3.3158 3.9858 16.7496 19.6387 0.2386 4.7954 0.2499 0.0135 100.4075 wo: 41.9 en: 49.72 fs: 8.39
ICE15-29 49.2049 1.861 2.9288 4.1665 14.5179 20.0965 0.2502 7.1025 0.3269 0.004 100.4592 wo: 43.65 en: 43.88 fs: 12.47
ICE15-29 54.9222 0.2931 26.8906 0 0.2683 10.186 0.0045 1.2891 5.4997 0.3706 99.7241 wo: 88.04 en: 3.23 fs: 8.73
Plagioclase
Sample SiO2 Al2O3 CaO FeO Na2O K2O total
ICE15-29 45.4433 33.7119 17.9983 0.4332 1.3177 0.0246 98.9289 ab: 11.68 or: 0.14 an: 88.17 cs: 0
ICE15-29 46.026 33.2078 17.1895 0.4563 1.7164 0.0337 98.6298 ab: 15.27 or: 0.2 an: 84.53 cs: 0
ICE15-29 45.5261 32.9131 17.6314 0.5389 1.4914 0.0273 98.1283 ab: 13.25 or: 0.16 an: 86.59 cs: 0
ICE15-29 47.9843 34.0341 15.7659 0.6195 1.7647 0.0507 100.2192 ab: 16.79 or: 0.32 an: 82.89 cs: 0
ICE15-29 48.7739 30.7948 15.2162 0.9449 2.7776 0.2198 98.7274 ab: 24.51 or: 1.28 an: 74.21 cs: 0
ICE15-29 47.286 33.377 16.3415 0.6885 1.6347 0.0547 99.3824 ab: 15.28 or: 0.34 an: 84.39 cs: 0
ICE15-29 45.3384 33.1204 17.7284 0.5457 1.5263 0.0377 98.297 ab: 13.45 or: 0.22 an: 86.33 cs: 0
ICE15-29 46.1396 32.897 17.1277 0.4699 1.6966 0.031 98.3619 ab: 15.17 or: 0.18 an: 84.64 cs: 0
ICE15-29 46.196 33.026 17.2291 0.5336 1.8028 0.0278 98.8153 ab: 15.9 or: 0.16 an: 83.94 cs: 0
ICE15-29 45.2182 33.9555 17.7978 0.5322 1.3451 0.02 98.8689 ab: 12.02 or: 0.12 an: 87.87 cs: 0
ICE15-29 63.0039 18.8182 3.7379 1.2642 6.665 2.6542 96.1434 ab: 63.62 or: 16.67 an: 19.72 cs: 0
ICE15-29 53.063 25.5692 11.0928 0.8697 5.4604 0.4481 96.5032 ab: 45.94 or: 2.48 an: 51.58 cs: 0
ICE15-29 44.7644 20.6727 17.8119 1.8142 4.0705 0.585 89.7189 ab: 28.47 or: 2.69 an: 68.84 cs: 0
ICE15-29 50.5443 11.8684 14.9361 1.2779 3.6825 3.2993 85.6085 ab: 26.1 or: 15.39 an: 58.51 cs: 0
ICE15-29 61.7856 13.383 1.6118 9.5891 3.9263 4.0779 94.3738 ab: 52.35 or: 35.77 an: 11.88 cs: 0
ICE15-29 46.1411 31.0428 15.4025 0.7833 2.4902 0.0961 95.9561 ab: 22.51 or: 0.57 an: 76.92 cs: 0
ICE15-29 48.003 30.4644 15.0616 0.8187 2.903 0.1232 97.3739 ab: 25.67 or: 0.72 an: 73.61 cs: 0
ICE15-29 49.8968 7.5676 0.5338 27.5841 2.2941 3.4935 91.3698 ab: 46.94 or: 47.03 an: 6.04 cs: 0
ICE15-29 53.0973 28.2685 11.4185 0.7503 5.0151 0.3143 98.864 ab: 43.49 or: 1.79 an: 54.72 cs: 0
ICE15-29 47.711 30.5874 15.0134 0.812 2.9571 0.1195 97.2004 ab: 26.09 or: 0.69 an: 73.21 cs: 0
ICE15-29 48.3076 30.7804 14.926 0.8054 3.0565 0.1214 97.9972 ab: 26.85 or: 0.7 an: 72.45 cs: 0
ICE15-29 45.4947 27.6781 14.2489 0.9043 2.4219 0.1236 90.8715 ab: 23.34 or: 0.78 an: 75.88 cs: 0
ICE15-29 54.8883 20.3948 8.9708 2.3024 6.0064 0.6451 93.2077 ab: 52.74 or: 3.73 an: 43.53 cs: 0
ICE15-29 58.2211 14.613 4.7928 4.0185 6.2406 2.6596 90.5455 ab: 58.66 or: 16.45 an: 24.89 cs: 0
ICE15-29 38.8671 2.8938 11.1351 23.8114 0.2983 0.0307 77.0364 ab: 4.61 or: 0.31 an: 95.08 cs: 0
ICE15-29 52.9067 25.9804 10.3377 1.1375 5.1236 0.6081 96.094 ab: 45.6 or: 3.56 an: 50.84 cs: 0
ICE15-29 47.5676 31.1572 15.3726 0.8594 2.6195 0.108 97.6843 ab: 23.42 or: 0.64 an: 75.95 cs: 0
ICE15-29 47.09 30.7507 15.2203 0.8092 2.7198 0.103 96.693 ab: 24.29 or: 0.61 an: 75.11 cs: 0
ICE15-29 51.6619 25.6663 11.7637 1.3093 4.7064 0.3154 95.423 ab: 41.23 or: 1.82 an: 56.95 cs: 0
ICE15-29 49.318 28.4596 12.5581 0.7731 3.7035 0.1674 94.9796 ab: 34.44 or: 1.02 an: 64.53 cs: 0
ICE15-29 49.4692 29.2261 13.3914 0.788 3.7749 0.1639 96.8135 ab: 33.46 or: 0.96 an: 65.59 cs: 0
ICE15-29 48.8256 29.3518 13.3363 0.7105 3.8094 0.158 96.1915 ab: 33.76 or: 0.92 an: 65.32 cs: 0
ICE15-29 42.5684 28.127 13.7072 0.6992 2.4566 0.114 87.6724 ab: 24.31 or: 0.74 an: 74.95 cs: 0
ICE15-29 46.1142 30.6399 15.4314 0.7508 2.613 0.1171 95.6663 ab: 23.29 or: 0.69 an: 76.02 cs: 0
ICE15-29 48.39 30.4703 14.406 0.6791 3.2862 0.1184 97.3499 ab: 29.02 or: 0.69 an: 70.29 cs: 0
ICE15-29 48.2628 30.6561 14.5446 0.8282 3.0076 0.1365 97.4357 ab: 27.01 or: 0.81 an: 72.18 cs: 0
ICE15-29 48.6046 30.2916 14.6764 0.7549 3.23 0.1283 97.6859 ab: 28.27 or: 0.74 an: 70.99 cs: 0
ICE15-29 48.3467 30.232 14.4769 0.8663 3.2201 0.1384 97.2804 ab: 28.47 or: 0.8 an: 70.73 cs: 0
ICE15-29 50.7947 30.0946 13.7462 0.7212 3.6433 0.168 99.1679 ab: 32.1 or: 0.97 an: 66.93 cs: 0
ICE15-29 52.7583 28.0199 11.7602 0.6443 4.7994 0.2143 98.1965 ab: 41.96 or: 1.23 an: 56.81 cs: 0
ICE15-29 49.2679 30.4589 14.542 0.7414 3.2364 0.1151 98.3617 ab: 28.52 or: 0.67 an: 70.81 cs: 0
ICE15-29 47.7412 29.9533 13.8542 0.7725 3.3875 0.1307 95.8394 ab: 30.44 or: 0.77 an: 68.79 cs: 0
ICE15-29 48.0929 29.6712 13.722 0.7618 3.4847 0.1523 95.8849 ab: 31.2 or: 0.9 an: 67.9 cs: 0
ICE15-29 47.0954 29.5918 14.168 0.7982 3.3256 0.1315 95.1105 ab: 29.58 or: 0.77 an: 69.65 cs: 0
ICE15-29 47.0899 29.8718 14.4631 0.7835 3.1176 0.1264 95.4524 ab: 27.85 or: 0.74 an: 71.4 cs: 0
ICE15-29 47.0651 29.7448 14.4055 0.7969 3.107 0.1168 95.2361 ab: 27.88 or: 0.69 an: 71.43 cs: 0
ICE15-29 47.3995 30.3135 14.6279 0.7726 3.049 0.1223 96.2848 ab: 27.19 or: 0.72 an: 72.09 cs: 0
ICE15-29 47.0699 30.0764 14.4574 0.7398 3.2396 0.1287 95.7117 ab: 28.64 or: 0.75 an: 70.62 cs: 0
ICE15-29 47.3486 30.079 14.2847 0.7535 3.1971 0.1091 95.7721 ab: 28.64 or: 0.64 an: 70.72 cs: 0
ICE15-29 48.6351 29.0843 13.1723 0.7037 3.7528 0.1516 95.4998 ab: 33.71 or: 0.9 an: 65.39 cs: 0
ICE15-29 47.7163 29.9961 14.1535 0.6994 3.3054 0.1499 96.0205 ab: 29.45 or: 0.88 an: 69.68 cs: 0
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Sample ICE15-31
Olivine
Sample SiO2 SO2 TiO2 Al2O3 MgO CaO MnO FeO total
ICE15-31 37.6618 0.0154 0.0328 0.0033 38.022 0.3242 0.3103 22.0005 98.3702 mo:  0.46 fo: 75.58 fa: 24.53 li:  0.00 te:  0.35
Clinopyroxene
Sample SiO2 TiO2 Al2O3 Fe2O3 MgO CaO MnO FeO Na2O K2O total
ICE15-31 50.4453 0.4459 2.3337 2.9089 16.9863 18.2397 0.1964 4.9774 0.3911 0.0274 96.952 wo: 39.73 en: 51.47 fs:  8.80
ICE15-31 50.5013 0.8459 3.7564 1.7078 15.9969 20.4076 0.1407 5.1406 0.254 0.0083 98.7595 wo: 43.62 en: 47.57 fs:  8.81
ICE15-31 49.7557 0.8074 3.8512 0 16.1781 16.5576 0.2075 8.5546 0.2496 0.0031 96.1649 wo: 36.07 en: 49.03 fs: 14.90
Plagioclase
Sample SiO2 Al2O3 CaO FeO Na2O K2O total
ICE15-31 44.8023 33.5452 17.3782 0.594 1.599 0.0174 97.9361 ab: 14.26 or:  0.10 an: 85.64 cs:  0.00
ICE15-31 49.5385 31.4154 14.6828 0.7645 2.9482 0.0627 99.4121 ab: 26.55 or:  0.37 an: 73.08 cs:  0.00
ICE15-31 46.5756 32.5005 16.8303 0.7329 1.3354 0.0247 97.9994 ab: 12.54 or:  0.15 an: 87.31 cs:  0.00
ICE15-31 45.8992 33.1506 17.0279 0.6334 1.7596 0.0229 98.4935 ab: 15.73 or:  0.13 an: 84.13 cs:  0.00
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Sample ICE15-35
Clinopyroxene
Sample SiO2 TiO2 Al2O3 Fe2O3 MgO CaO MnO FeO Na2O K2O total
ICE15-35 51.582 0.5067 3.3021 2.0582 16.9777 20.9885 0.1225 3.8641 0.2141 0 99.6158 wo: 43.98 en: 49.5 fs: 6.52
Plagioclase
Sample SiO2 Al2O3 CaO FeO Na2O K2O total
ICE15-35 45.7987 33.6662 17.6037 0.5011 1.5182 0.0015 99.0894 ab: 13.5 or: 0.01 an: 86.49 cs: 0
ICE15-35 45.5189 34.3848 18.1531 0.459 1.2575 0.0097 99.783 ab: 11.13 or: 0.06 an: 88.81 cs: 0
ICE15-35 46.0784 33.7244 17.7405 0.5091 1.4927 0.0051 99.5504 ab: 13.21 or: 0.03 an: 86.76 cs: 0
ICE15-35 45.6473 33.8933 17.5552 0.5416 1.4098 0.0002 99.0473 ab: 12.69 or: 0 an: 87.31 cs: 0
ICE15-35 46.6469 34.0236 17.7773 0.4496 1.4607 0.0101 100.3682 ab: 12.94 or: 0.06 an: 87 cs: 0
ICE15-35 46.1096 34.067 18.0187 0.3614 1.3166 0.0124 99.8856 ab: 11.67 or: 0.07 an: 88.26 cs: 0
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Sample ICE15-38
Olivine
Sample SiO2 SO2 TiO2 Al2O3 MgO CaO MnO FeO total
ICE15-38 38.432 0 0 0.0504 43.5187 0.2889 0.2286 15.9619 98.4805 mo:  0.40 fo: 83.06 fa: 17.09 li:  0.00 te:  0.25
ICE15-38 38.7427 0 0.0131 0.0659 43.982 0.2724 0.2062 15.7805 99.0628 mo:  0.37 fo: 83.37 fa: 16.78 li:  0.00 te:  0.22
ICE15-38 37.1479 0 0.0155 0.061 38.6211 0.3839 0.3161 21.8921 98.4377 mo:  0.54 fo: 76.02 fa: 24.17 li:  0.00 te:  0.35
ICE15-38 37.619 0.0019 0.0167 0.0624 43.5514 0.2764 0.2592 16.4179 98.2048 mo:  0.38 fo: 82.62 fa: 17.47 li:  0.00 te:  0.28
ICE15-38 39.1896 0 0.0084 0.0419 41.3927 0.2595 0.2613 17.8355 98.9889 mo:  0.36 fo: 80.59 fa: 19.48 li:  0.00 te:  0.29
ICE15-38 37.2598 0.0207 0.0063 0.0744 44.3844 0.2467 0.1863 15.9103 98.089 mo:  0.33 fo: 83.37 fa: 16.76 li:  0.00 te:  0.20
ICE15-38 38.9892 0 0.0178 0.0737 42.4842 0.2799 0.2408 16.2638 98.3494 mo:  0.39 fo: 82.42 fa: 17.70 li:  0.00 te:  0.27
ICE15-38 39.3225 0 0.0037 0.0951 41.2564 0.2633 0.2573 16.7393 97.9377 mo:  0.37 fo: 81.53 fa: 18.56 li:  0.00 te:  0.29
ICE15-38 38.2192 0 0.0358 0.0611 41.4972 0.3177 0.2917 17.989 98.4117 mo:  0.44 fo: 80.54 fa: 19.59 li:  0.00 te:  0.32
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Sample ICE15-39
Olivine
Sample SiO2 SO2 TiO2 Al2O3 MgO CaO MnO FeO total
ICE15-39 38.6144 0 0 0.0563 43.7164 0.4073 0.2645 17.4203 100.4793 mo: 0.55 fo: 81.95 fa: 18.32 li: 0 te: 0.28
ICE15-39 37.9562 0.0018 0 0.0306 43.9056 0.3928 0.2575 17.4352 99.9796 mo: 0.53 fo: 81.99 fa: 18.26 li: 0 te: 0.27
ICE15-39 38.0571 0.0081 0 3.0725 39.8957 0.4151 0.2482 15.6046 97.3013 mo: 0.62 fo: 82.27 fa: 18.05 li: 0 te: 0.29
ICE15-39 38.0979 0.0143 0 0.0425 43.4113 0.4191 0.273 17.1964 99.4544 mo: 0.57 fo: 82.04 fa: 18.23 li: 0 te: 0.29
ICE15-39 38.7084 0.0065 0 0.0241 44.0718 0.3861 0.29 17.0651 100.5519 mo: 0.52 fo: 82.33 fa: 17.88 li: 0 te: 0.31
ICE15-39 38.8809 0.0018 0 0.037 43.938 0.4032 0.2856 17.2087 100.7551 mo: 0.54 fo: 82.18 fa: 18.06 li: 0 te: 0.3
ICE15-39 37.2614 0.0081 0.0004 0.0482 43.9902 0.369 0.2349 16.9544 98.8664 mo: 0.5 fo: 82.43 fa: 17.82 li: 0 te: 0.25
ICE15-39 37.6756 0.0347 0 0.0269 44.2759 0.4045 0.3011 16.7749 99.4938 mo: 0.54 fo: 82.66 fa: 17.57 li: 0 te: 0.32
ICE15-39 37.9763 0.0049 0 0.0278 43.9338 0.376 0.2223 16.723 99.2641 mo: 0.51 fo: 82.63 fa: 17.64 li: 0 te: 0.24
ICE15-39 38.896 0.0143 0.0051 0.0277 43.9603 0.4115 0.2618 16.7478 100.3246 mo: 0.56 fo: 82.62 fa: 17.66 li: 0 te: 0.28
ICE15-39 38.5056 0.0112 0 0.06 44.081 0.4062 0.263 16.9777 100.3047 mo: 0.55 fo: 82.45 fa: 17.81 li: 0 te: 0.28
ICE15-39 38.6437 0.0096 0 0.048 43.9139 0.3956 0.2097 16.5479 99.7685 mo: 0.54 fo: 82.81 fa: 17.5 li: 0 te: 0.22
ICE15-39 39.7057 0.0143 0 0.0258 43.3525 0.397 0.2885 16.6987 100.4826 mo: 0.54 fo: 82.42 fa: 17.81 li: 0 te: 0.31
ICE15-39 39.5992 0.0143 0 0.0368 43.6894 0.4125 0.2745 16.5654 100.5922 mo: 0.56 fo: 82.68 fa: 17.59 li: 0 te: 0.3
ICE15-39 39.8783 0 0 0.0606 43.6746 0.4116 0.263 16.9707 101.2589 mo: 0.56 fo: 82.33 fa: 17.95 li: 0 te: 0.28
ICE15-39 37.8511 0 0 0.0593 45.1071 0.325 0.269 15.9837 99.5952 mo: 0.43 fo: 83.54 fa: 16.61 li: 0 te: 0.28
ICE15-39 38.0115 0.0081 0 0.0306 44.8986 0.3236 0.2197 15.9442 99.4363 mo: 0.43 fo: 83.56 fa: 16.65 li: 0 te: 0.23
ICE15-39 37.6957 0.0096 0 0.0315 45.1607 0.3185 0.2252 15.6918 99.1331 mo: 0.42 fo: 83.84 fa: 16.34 li: 0 te: 0.24
ICE15-39 38.7827 0 0 0.0296 43.8916 0.4012 0.243 17.3046 100.6528 mo: 0.54 fo: 82.12 fa: 18.16 li: 0 te: 0.26
ICE15-39 38.8499 0.0033 0 0.0331 43.0269 0.3897 0.2653 17.0748 99.6431 mo: 0.53 fo: 81.99 fa: 18.25 li: 0 te: 0.29
ICE15-39 38.3009 0.0127 0 0.1303 42.5456 0.3902 0.2542 16.7346 98.3684 mo: 0.54 fo: 82.14 fa: 18.12 li: 0 te: 0.28
ICE15-39 38.2396 0.0253 0.0061 0.0342 43.6493 0.3681 0.2511 17.4677 100.0414 mo: 0.5 fo: 81.85 fa: 18.38 li: 0 te: 0.27
ICE15-39 38.7806 0 0 0.0341 43.4866 0.3674 0.2611 17.1463 100.0759 mo: 0.5 fo: 82.07 fa: 18.15 li: 0 te: 0.28
ICE15-39 38.7341 0.0127 0 0.0451 43.7472 0.4149 0.2274 17.1149 100.2964 mo: 0.56 fo: 82.26 fa: 18.05 li: 0 te: 0.24
ICE15-39 37.7263 0.0206 0 0.0379 43.9876 0.3908 0.2441 17.1131 99.5204 mo: 0.53 fo: 82.3 fa: 17.96 li: 0 te: 0.26
ICE15-39 38.0253 0.0221 0 0.036 43.5049 0.3723 0.313 16.798 99.0716 mo: 0.51 fo: 82.34 fa: 17.83 li: 0 te: 0.34
ICE15-39 44.0732 0.0333 0 0.1852 37.3975 0.3643 0.2324 15.0291 97.3148 mo: 0.57 fo: 81.83 fa: 18.45 li: 0 te: 0.29
ICE15-39 39.2746 0.0159 0 0.034 43.4351 0.4087 0.271 16.7958 100.2352 mo: 0.56 fo: 82.39 fa: 17.87 li: 0 te: 0.29
ICE15-39 39.0059 0 0 0.0212 43.4087 0.3981 0.2807 16.905 100.0197 mo: 0.54 fo: 82.27 fa: 17.97 li: 0 te: 0.3
Plagioclase
Sample SiO2 Al2O3 CaO FeO Na2O K2O total
ICE15-39 46.5397 32.7069 17.0541 0.473 1.9082 0.0195 98.7013 ab: 16.82 or: 0.11 an: 83.07 cs: 0
ICE15-39 46.8696 32.2561 16.7936 0.4934 1.9873 0.0213 98.4212 ab: 17.62 or: 0.12 an: 82.26 cs: 0
ICE15-39 46.9154 32.1752 16.4128 0.5677 2.0922 0.024 98.1873 ab: 18.72 or: 0.14 an: 81.14 cs: 0
ICE15-39 47.4596 31.0658 15.7445 0.4988 2.5233 0.0404 97.3323 ab: 22.43 or: 0.24 an: 77.34 cs: 0
ICE15-39 46.1711 32.1788 16.6667 0.5094 1.9598 0.019 97.5048 ab: 17.53 or: 0.11 an: 82.36 cs: 0
ICE15-39 45.7022 32.0869 16.9549 0.8982 1.7207 0.0371 97.4 ab: 15.48 or: 0.22 an: 84.3 cs: 0
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Sample ICE15-41
Plagioclase
Sample SiO2 Al2O3 CaO FeO Na2O K2O total
ICE15-41 50.5721 29.6453 13.3692 0.8476 3.7089 0.0921 98.2351 ab: 33.24 or: 0.54 an: 66.22 cs: 0
ICE15-41 48.3931 31.185 15.3802 0.6789 2.8184 0.0631 98.5186 ab: 24.81 or: 0.37 an: 74.82 cs: 0
ICE15-41 48.0555 31.4425 15.4177 0.714 2.6592 0.0572 98.3462 ab: 23.71 or: 0.34 an: 75.96 cs: 0
ICE15-41 47.9915 31.5339 15.7125 0.6935 2.6841 0.0513 98.6669 ab: 23.54 or: 0.3 an: 76.16 cs: 0
ICE15-41 47.9261 31.872 15.7321 0.7057 2.4679 0.0508 98.7547 ab: 22.04 or: 0.3 an: 77.66 cs: 0
ICE15-41 46.3828 30.3843 15.1913 0.8665 2.4607 0.0594 95.3452 ab: 22.59 or: 0.36 an: 77.05 cs: 0
ICE15-41 48.1633 31.2416 15.4314 0.7287 2.6369 0.0508 98.2527 ab: 23.55 or: 0.3 an: 76.15 cs: 0
ICE15-41 47.8694 31.1502 15.3778 0.6937 2.7066 0.0663 97.8639 ab: 24.06 or: 0.39 an: 75.55 cs: 0
ICE15-41 48.1764 31.3509 15.3645 0.7152 2.6091 0.0554 98.2714 ab: 23.43 or: 0.33 an: 76.24 cs: 0
ICE15-41 51.091 29.1125 12.9044 0.7277 4.0413 0.0904 97.9672 ab: 35.98 or: 0.53 an: 63.49 cs: 0
ICE15-41 49.2679 30.3481 14.2819 0.7801 3.2756 0.0837 98.0374 ab: 29.19 or: 0.49 an: 70.32 cs: 0
ICE15-41 49.2157 30.3645 14.3843 0.6695 3.345 0.0764 98.0554 ab: 29.49 or: 0.44 an: 70.07 cs: 0
ICE15-41 48.3095 31.0633 15.1304 0.7097 2.799 0.0613 98.0732 ab: 24.99 or: 0.36 an: 74.65 cs: 0
ICE15-41 46.4498 31.5067 15.7652 0.684 2.5109 0.0426 96.9593 ab: 22.32 or: 0.25 an: 77.43 cs: 0
ICE15-41 46.4057 31.9547 15.9643 0.6948 2.2712 0.0494 97.34 ab: 20.41 or: 0.29 an: 79.29 cs: 0
ICE15-41 46.955 30.7467 15.3565 0.688 2.6299 0.0472 96.4234 ab: 23.59 or: 0.28 an: 76.13 cs: 0
ICE15-41 46.9004 30.5181 15.4082 0.6799 2.366 0.0544 95.9271 ab: 21.67 or: 0.33 an: 78 cs: 0
ICE15-41 46.5703 31.3122 15.7722 0.7 2.4575 0.0521 96.8643 ab: 21.93 or: 0.31 an: 77.77 cs: 0
ICE15-41 50.2576 29.0715 13.0497 0.7656 3.9082 0.0999 97.1526 ab: 34.94 or: 0.59 an: 64.47 cs: 0
ICE15-41 49.1059 31.9169 15.6642 0.6948 2.6288 0.0377 100.0483 ab: 23.24 or: 0.22 an: 76.54 cs: 0
ICE15-41 52.58 29.8545 13.1 0.7373 3.9765 0.132 100.3802 ab: 35.18 or: 0.77 an: 64.05 cs: 0
ICE15-41 45.3451 1.0613 12.2702 22.8751 0.1852 0.0302 81.7671 ab: 2.65 or: 0.28 an: 97.07 cs: 0
ICE15-41 48.2941 31.9256 15.6675 0.8445 2.5162 0.0744 99.3222 ab: 22.42 or: 0.44 an: 77.14 cs: 0
ICE15-41 49.1189 31.679 15.5604 0.6516 2.6627 0.0695 99.7419 ab: 23.55 or: 0.4 an: 76.05 cs: 0
ICE15-41 48.5262 31.8751 15.6687 0.7002 2.6869 0.0594 99.5166 ab: 23.6 or: 0.34 an: 76.06 cs: 0
ICE15-41 51.2577 28.9817 12.9942 0.8061 4.1115 0.1072 98.2585 ab: 36.18 or: 0.62 an: 63.19 cs: 0
ICE15-41 51.9232 28.3173 12.0798 0.8374 4.517 0.144 97.8188 ab: 40.02 or: 0.84 an: 59.14 cs: 0
ICE15-41 52.519 28.4985 12.0081 0.9046 4.6692 0.1806 98.78 ab: 40.87 or: 1.04 an: 58.09 cs: 0
ICE15-41 45.9934 30.2658 15.2156 0.7783 2.4341 0.0603 94.7476 ab: 22.37 or: 0.36 an: 77.27 cs: 0
ICE15-41 50.6838 28.3469 12.6289 0.7883 4.1584 0.1424 96.7487 ab: 37.03 or: 0.83 an: 62.14 cs: 0
ICE15-41 46.8382 30.7756 15.3889 0.8768 2.7278 0.0684 96.6757 ab: 24.19 or: 0.4 an: 75.41 cs: 0
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 APPENDIX C 
LITHOLOGIC MAP OF THE SPRINGERVILLE VOLCANIC FIELD  
Units are shown as closed polygons that encompass the lava flow and/or pyroclastic material and are colored according to the 
lithologic class (see inset on map). 
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APPENDIX D  
 AGE MAP OF THE SPRINGERVILLE VOLCANIC FIELD                                                    
Units are shown as closed polygons that encompass the lava flow and/or pyroclastic material and are colored by age in 
accordance with the five age groups listed on the map inset.  Group 1 is the oldest from 9-2.14 Ma (pink), Group 2 is from 2.14-
1.87 Ma (purple), Group 3 from 1.87-1.67 Ma (blue), Group 2 from 1.67-0.97 Ma (green) and Group 1 from 0.97 to the present 
(yellow). 
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APPENDIX E  
GEOCHEMICAL MAP OF THE SPRINGERVILLE VOLCANIC FIELD 
Units are shown as closed polygons that encompass the lava flow and/or pyroclastic material and are colored by geochemical 
class in accordance with the groups listed on the map inset that include basanites, tholeiites, transitional basalts, alkali olivine 
basalts, hawaiite, mugearite and benmoreite. Units without chemistry are colored light blue.
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APPENDIX F  
PALEOMAGNETIC MAP OF THE SPRINGERVILLE VOLCANIC FIELD 
Units are shown as closed polygons that encompass the lava flow and/or pyroclastic material and are colored by magnetic 
polarity.  Units with normal polarity are shown in green, those with reversed are shown in red and transitional flows are in 
orange.  Flows without data are colored blue while non-volcanic units are shown in tan and yellow. 
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APPENDIX G 
ISOTOPIC DATA FOR SAMPLES FROM THE SPRINGERVILLE VOLCANIC FIELD 
Pb Data 
Sample 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 
770SS_Qsa2 17.578 15.499 37.46 
714SL_QTsfu 17.704 15.502 37.7 
JC11_Qca 17.72 15.56 38.71 
715#2_QTsfl 17.724 15.501 37.61 
771-_Tof 17.77 15.526 38.52 
PD4_Tof 17.776 15.502 38.31 
613-_Tof 17.853 15.512 38.55 
6-8_Tof 17.876 15.515 37.57 
801C#1_Tof 17.917 15.521 38.65 
SR6 17.979 15.512 37.86 
757BB_Qel 18.083 15.516 38.14 
717MR_Qwg3 18.1 15.539 38.53 
SR3-87_Qwd1 18.103 15.537 38.5 
S39-7_Qae2 18.122 15.529 38.13 
RT4_Qcd8 18.122 15.529 38.09 
SF-2_Qac4 18.269 15.527 38.65 
GP1_Qgh3 18.355 15.528 38.15 
LC1_Qkc6 18.364 15.489 38.26 
TP6_Qgl3 18.376 15.538 38.52 
CX2_Qkb1 18.38 15.55 38.44 
708WK_Qgh7 18.401 15.559 38.32 
763SM_Qbb3 18.459 15.547 38.59 
732SN_Qkb2 18.46 15.546 38.65 
706GP_Qph2 18.507 15.558 38.56 
PK4_Qpc8 18.521 15.551 38.61 
CP2_Tac3 18.544 15.563 38.66 
723SS_Qmb1 18.643 15.562 38.82 
FC2_Qph2 18.645 15.568 39 
JC734_Tac1 18.713 15.56 39.03 
760BB_Qlh3 18.731 15.589 38.75 
703IP_Tbl 18.78 15.59 38.69 
SS8_QTwc 18.798 15.575 38.92 
414MC_Qla3 18.845 15.577 38.99 
749OM_QTwc 18.865 15.621 39.15 
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Rb and Sr Data 
 
 
Sample   Rb  Sr  Rb/Sr 87Sr/86Sr 
770SS_Qsa2 8.47 337 0.025 0.704873 
714SL_QTsfu 11.1 318 0.035 0.705715 
JC11_Qca 8.59 603 0.014 0.703446 
715#2_QTsfl 10.6 425 0.025 0.704173 
771-_Tof 17 296 0.057 0.706882 
PD4_Tof 16.4 335 0.049 0.70632 
613-_Tof 19 326 0.058 0.70711 
6-8_Tof 13 742 0.041 0.707356 
SR6 12.9 294 0.044 0.705774 
757BB_Qel 33.3 713 0.047 0.703993 
717MR_Qwg3 5.45 352 0.015 0.705868 
SR3-87_Qwd1 8 427 0.019 0.705359 
S39-7_Qae2 17 549 0.031 0.703721 
RT4_Qcd8 14 564 0.025 0.703629 
SF-2_Qac4 0.71 490 0.001 0.70438 
GP1_Qgh3 18 809 0.022 0.70337 
LC1_Qkc6 12 629 0.019 0.70344 
TP6_Qgl3 0.63 669 0.001 0.704 
708WK_Qgh7 18 810 0.022 0.703406 
763SM_Qbb3 21.3 588 0.036 0.703993 
732SN_Qkb2 10 501 0.02 0.703742 
PK4_Qpc8 19 619 0.031 0.704138 
CP2_Tac3 18 742 0.024 0.70367 
FC2_Qph2 14 1077 0.013 0.704979 
JC734_Tac1 17 587 0.029 0.70401 
760BB_Qlh3   --- 1238  --- --- 
703IP_Tbl   ---  619  --- --- 
SS8_QTwc 9.56 919 0.01 0.703735 
414MC_Qla3 6.76 900 0.008 0.70378 
749OM_QTwc   --- 1085 0 0.704164 
6-9_Tof 13 738 0.041 0.707016 
201bL_Qbd2   ---  ---   --- 0.70605 
215L_QTsfl   ---  ---   --- 0.70538 
31IP_Qbc1 13 674 0.019 0.70533 
237IP_Tbl   ---  ---   --- 0.70511 
205L_Qbd2   ---  ---   --- 0.70476 
C1_Qag 9 463 0.019 0.704389 
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Sm and Nd data 
 
Sample   Sm  Nd Sm/Nd 143Nd/144Nd 
770SS_Qsa2 3.8 17 0.22 0.512666 
715#2_QTsfl 4.39 21 0.21 0.51278 
PD4_Tof 5.09 21 0.24 0.512528 
613-_Tof 4.6 19 0.24 0.512534 
801C#1_Tof 4.43 20 0.22 0.512533 
SR6 3.29 14 0.24 0.512588 
757BB_Qel 7.99 52 0.15 0.512754 
717MR_Qwg3 3.58 17 0.21 0.512617 
RT4_Qcd8 4.95 22 0.23 0.512875 
SF-2_Qac4 5.9 24 0.25 0.512761 
GP1_Qgh3 6.02 28 0.22 0.512951 
LC1_Qkc6 3.91 19 0.21 0.512887 
TP6_Qgl3 4.59 23 0.2 0.512825 
732SN_Qkb2 4.56 22 0.21 0.512854 
JC734_Tac1 4.44 22 0.2 0.512913 
703IP_Tbl 13.8 79 0.17 0.51278 
SS8_QTwc 7 42 0.17 0.512782 
414MC_Qla3 6.75 42 0.16 0.512793 
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